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ton, Texas. The NASA Technical Representative was Mr. Zach D.
Kirkland. The Martin Program Manager and Project Engineer are
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SUMMARY

The work reported herein was executed in two phases. Phase I
entailed analytical and experimental investigation of several pres-
surization system concepts, which led to the selection of a system
recommended for use in the Apollo service propulsion system (SPS).
The major objective of Phase II was demonstration of the operating
feasibility of the recommended system concept.

The initial task in Phase I was a survey of existing and en-
visioned pressurization system design concepts, of which seven
were selected for preliminary analysis and study. Subsequently
three of the seven concepts were subjected to more detailed ana-
lytical and experimental investigation. The systems studied in
depth were (1) cryogenically stored helium, (2) cryogenically
stored helium cascade, and (3) cryogenically stored helium com-
bined with a hot-gas generator. Parametric analyses performed on
these systems determined weight, reliability, and per formance char-
acteristics. Experimental investigations were conducted to deter-
mine pertinent operating characteristics of certain subsystems
and components used in the three systems. Tests were run on a hy-
drazine catalytic gas generator, a coiled tube propellant feedline
heat exchanger, and a helium solenoid valve.

The work of Phase I established the necessity of storing helium
cryogenically to achieve significant weight reduction in the Apollo
SPS pressurization system. Of the three final system candidates,
the cryogenic helium cascade system was recommended as the optimum
pressurization system for the Apollo SPS.

The system concept recommended at the conclusion of Phase I
was subjected to test during Phase II, to demonstrate system
feasibility. The feasibility test system consisted of a nonopti-
mized primary (cryogenic) helium storage tank assembly; a cascade
(ambient) helium storage tank; propellant feedline heat exchangers
(of the Apollo SPS type); and the necessary plumbing, valves, and
regulation devices to simulate the Apollo SPS helium flow require-
ments. Actual Apollo mission duty cycles were simulated, and the
results were compared with analytically derived performance data.
Cascade system test results were in general better than predictions
of the analytical model. However, it was determined that the pres-
ent Apollo propellant feedline heat exchangers are not suitable
for use at liquid hydrogen/helium temperatures because of a prob-
lem of propellant freezing.

XV
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SYMBOLS

A = cross sectional area of each support or line (sq ft)

(Cp)ﬁ = liquid specific heat capacity at constant pressure (joules/

g°K)

o s ( / Zog)
hNuc = nucleate pool boiling heat transfer coefficient (watts/cm“°K
k = thermal conductivity of support or line material (Btu/hr-

ft-°R)
ka = apparent insulation thermal conducitivity (Btu/hr-ft-°R)
kg = liquid thermal conductivity (watts/cm°K)
£ = length
P = pressure of the boiling system (dynes /cmz)

q = heat leak rate through each support or line (Btu/hr)
SI = heat transfer rate
aT = calculated total heat tranfer through all supports and
c lines (Btu/hr)
ET = indicated total heat transfer through all the supports and
i lines (Btu/hr)
SU = calculated heat transfer through the upper supports and
c lines (Btu/hr)
q = indicated heat transfer through the upper supports and
U. .
i lines (Btu/hr)
o = outside radius of the LH2 container (ft)
o
r; = insulation inside radius (ft)
i
T = insulation outside radius (ft)
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insulation thickness (ft)

temperature difference

latent heat of evaporation at saturation (joules/g)

Newtonian viscosity of the liquid (g/cm-sec)
liquid density (g/cm3)
vapor density (g /cm3)

surface tension between the liquid and its own vapor,
calculated at T (dynes/cm)

xviii
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I. INTRODUCTION

This report describes the work per formed during Phase I and
Phase II of Contract NAS9-3521, Pressurization System for Use
in the Apollo Service Propulsion System. This contract was ex-
ecuted under the direction of the NASA Manned Spacecraft Center,
Houston, Texas.

The primary purpose of this contract was to develop an advanced
lightweight pressurization system (ALPS) concept for use in the
Apollo service propulsion system (SPS). The application of this
system is for pressurization of the main SPS propellant tanks.

The contract defined three major requirements that the finalized
ALPS concept must fulfill:

1) It must be compatible with the current Apollo SPS;

2) It must offer substantial weight savings over the
pressurization system currently in use;

3) It must be at least as reliable as the system cur-
rently in use,

Phase I required design, analytical, and experimental efforts
devoted to various candidate system concepts, and culminated in
the selection of an ALPS recommendation for the Apollo SPS ap-
plication. The initial effort in Phase I was a survey of exist-
ing pressurization systems and system concepts. From this survey,
several candidate concepts were selected for preliminary study,
The preliminary studies concluded with the selection of three of
the candidate systems to be subjected to more detailed design,
analysis, and investigation. The detailed study effort included
both analytical and experimental work to assist in system design
and the investigation of problem areas. The final result of Phase
I was the selection of a single system (a cryogenic helium cascade
system) for the Apollo SPS.

The major purpose of Phase II was to establish the feasibility
of the ALPS concept recommended at the conclusion of Phase I.
This was accomplished largely through the testing of a nonopti-
mized ground operating model of the recommended system. The fea-
sibility tests included demonstrations of pressurant loading time
and accuracy and pressurant storage and expansion operational
concept. In addition, tests were run to determine performance
of the present Apollo type of propellant feedline heat exchanger
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in the system, and to demonstrate the thermal performance of the
pressurant storage tank support structure. Pretest and posttest
analyses were performed for the purpose of comparison and evalua-
tion of the analytical models used in Phase I of this contract.
Also, as a part of Phase II, analyses were performed to determine
the extent of modifications necessary to the recommended pressuri-
zation system concept for the execution of certain Apollo extended

missions.
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I1. PROGRAM PLAN

The basic requirements for the execution of this contract were
defined by the contract statement of work*, Those requirements,
together with a description of the technical approaches and con-
straints related to their fulfillment, constitute the program plan,
Constraints refers to the Apollo SPS mission, propellant, compati -
bility, and configuration data pertinent to the analysis and de-
sign of the propellant tank pressurization system,

The Apollo mission specified for ALPS design is described in
Table 1. Some of the more important pressurization system design
criteria, related to the reference mission, are also presented in
Table 1. Other aspects of the program plan are discussed herein.

A, PHASE I - DESIGN AND ANALYSIS

Phase I consisted primarily of an analytical study that con-
sidered the parametric analysis of various pertinent pressuriza-
tion system candidate concepts and phenomena, the detailed study
and optimization of certain selected candidate systems, and ex-
perimental investigations related to potential problem areas
associated with the candidate systems., The major tasks included
in this effort are discussed in the following subsections,

1. Survey of Pressurization Concepts and Related Systems

This task entailed a survey of propellant tank pressurization
concepts and systems that might be applicable to future use with
the current Apollo SPS, The investigation included concepts in-
volving technical considerations beyond, as well as within, pres-
ent state of the art. The major considerations of the system sur-
vey were potentiality of weight savings and compatibility with
Apollo SPS requirements,

2, Preliminary Study of Pressurization Systems

Subsequent to the completion of the pressurization system
survey, the candidate systems were subjected to preliminary de-
sign and analysis. The purpose of this effort was to provide

*Contract NAS9-3521, Exhibit A, Statement of Work, Exhibit B,
Statement of Work Redefinition,
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a basis for comparative evaluation of the candidate systems, so
that the concepts showing the least potential could be omitted
from more detailed investigation., The present Apollo SPS pres-
surization system was also subjected to the preliminary analysis
to provide a baseline reference for the comparison, Primary em-
phasis was directed toward the development of system comparisons
in terms of weight, reliability, and compatibility with Apollo
vehicle and mission requirements,

3. Comparison of Candidate Pressurization Systems

All candidate systems investigated during the preliminary
study effort discussed above were subjected to a comparison study
for the purpose of selecting the three systems most suitable for
use in the Apollo SPS. The technique used for this comparison
required a weighted numerical evaluation of the candidate sys-
tems, related to the results of the preliminary study effort,

The numerical evaluation procedure was based on a comparison of
relative merits of each candidate system, as measured by weight,
reliability, and compatibility,

4, Detailed Design, Analysis, and Evaluation of Pressurization
Systems Selected for Concentrated Study

The three selected candidate systems were subjected to a de-
tailed investigation to produce more specific definition of de-
sign, subsystems, components, and operational requirements. The
analyses were broadened to include consideration of thermal en-
vironment., Experimental investigations involving subsystem and
component feasibility testing were performed to support some of
the analytical results, This task also included generation of
installation drawings for each of the systems under consideration,
development of criteria for system selection, and selection of
the optimum system for continued development in Phase II,

B. PHASE II1 - FEASIBILITY DEMONSTRATION

The major purpose of Phase II was to demonstrate, by testing,
the inherent feasibility of the ALPS concept recommended for the
Apollo SPS at the conclusion of Phase I. Also included in Phase
II were analyses of extended mission capabilities of the recom-
mended system,
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1, Test Program

The feasibility test program consisted of the following
demonstrations,

a. Loading - The time required to load the recommended pres-
surization system storage container was demonstrated,
This time included system chill-down time as well as
helium loading time, Also, the quantity of liquid hy-
drogen used for cooling was ascertained, Analytical
predictions were performed to determine loading accuracy
and the accuracy of analytical models used to establish
the recommended loading procedure,

b. Heat Exchanger Performance - Demonstration of the propel-
ant feedline heat exchanger performance was accomplished
in conjunction with system concept feasibility testing,
Pressure drop and thermal characteristics of the heat
exchangers were measured and compared with analytical
data. Also, the susceptibility of freezing of the heat
exchangers was determined. Demineralized water was used
to simulate the propellant in these tests,

c. Pressurant Storage and Expansion Concept - The feasibil-
ity of the storage and expansion concept recommended in
Phase I of this contract was demonstrated using the
following simulated mission duty cycles:

The nominal nine-day mission;

The nine-day mission abort operation (continuous
590-sec burn);

The 90-day mission abort operation (continuous
590-sec burn with full LH2 jacket),

A nonoptimized, ground test model of the selected system concept
was used in this demonstration. Coast period simulation was
based on integrated primary tank heat leak for the model system
being equal to integrated heat leak for the recommended optimum
system, The engine burn periods were simulated on a real-time
average flow rate basis, An objective of this demonstration
was that the primary tank heat leak be less than 50 Btu/hr.

Pretest and posttest analyses were performed to establish the
accuracy of the mathematical models in determining pressurant
usage, pressurant residuals, pressure and temperature histories

II-3
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of the pressurizing gas, and temperature history of the pressurant
storage tank,

d. Support Structure Heat Leak Investigation - Tests were
performed to determine the heat leak contribution of the various
conduction paths into the primary helium tank. The test model
used was a full-scale model of the upper support tripod and tub-
ing arrangement used in the recommended system design, The lower
support and tubing geometry is of similar design, so testing of
the complete system was deemed unnecessary, The test model was
constructed of the design material and included the necessary
bosses and flanges required for the suspension system. A liquid
hydrogen reservoir was located at the tank end of the model, and
the opposite ends of the structure and tubing were maintained at
ambient temperature, The entire test system was evacuated to

below 10-4 mm Hg,

2, Extended Mission Studies

The pressurization system recommended in Phase I was analyzed
to determine modifications required to perform the following ex-
tended missions:

1) 34-day lunar polar orbit;

2) 90-day earth polar orbit.
The duty cycles for these missions are shown in Tables 2 and 3.
These studies resulted in determination of the optimum system

that would accomplish the above missions and the nominal nine-
day design mission,

C. LUNAR EXCURSION MODULE PRESSURIZATION SYSTEM STUDIES

This work was performed in concurrence with, but not as a
part of, Phase II, The work plan is described below; however,
the results of this work are presented in a separate final report,*

l. Analysis of Cascade Pressurization System for the Lunar Ex-
cursion Module Ascent and Descent Propulsion Systems

The cascade pressurization concept as determined from Phase
I was optimized for the propulsion requirements of the lunar

*Lunar Excursion Module Pressurization System Studies, Final

Report. Martin-CR-66-42, Martin Company, Denver, Colorado,
June 1966,
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excursion module (LEM) ascent and descent stages, This task was
entirely analytical; neither detailed design drawings nor test
data substantiation were required. A functional schematic dia-
gram of each system was produced.

The ascent stage was designed for one mission duty cycle, and
the descent stage was designed to accomplish three mission duty
cycles., The four mission duty cycles used are as defined in Con-
tract NAS9-3521.%

The initial effort in this task was determination of pro-
pellant tank helium requirements for each stage and each mission.
Prelaunch pressurizing gas was considered to be provided from
a ground storage system; the cascade pressurization system was

designed to supply only the pressurant required by the procpellant
tanks after launch,

Parametric analyses, varying primary container initial pres-
sure and temperature, were then performed for each system and
mission, These analyses included evaluations of primary storage
container, cascade storage container, and propellant feedline
heat exchanger operating characteristics. Cascade tank operating
pressure and temperature were 4000 psia and ambient, respectively,
Results of the parametric analyses were used to determine the op-
timum weight designs for the ascent and descent stage cascade sys-
tems,

2. Analysis of the Lunar Excursion Module Descent Propulsion
Helium Storage Subsystem

The existing descent propulsion pressurization system was
analyzed to determine mass, sizing, and operating characteristics
of the helium storage subsystem, This task was entirely analy-
tical; neither detailed design drawings nor test data substan-
tiation were required,

The analysis considered the three descent stage mission duty

cycles defined in Contract NAS9-3521.*% System sizing and opti-
mization were compatible with all three duty cycles,

*Contract NAS9-3521, Exhibit C, Statement of Work Continua-
tion,
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Parametric studies were preformed to determine the optimum
initial helium pressure and temperature, and the optimum helium
operating pressure and temperature at the time of the first en-
gine ignition, The optimum conditions are defined as those re-
sulting in minimum subsystem mass, The optimization process pro-
gressed in the following manner.

Analyses using the time at the first engine ignition were
performed to optimize (for minimum weight) helium operating
pressure and temperature, and internal heat exchanger length,
This portion of the mission is very short and is insensitive to
the small heating rates encountered, Therefore, optimization of
these operating conditions was performed independently of thermal
design studies,

The long standby part of the mission was then analyzed to de-
termine the optimum initial helium pressure and temperature and
superinsulation thickness, The analysis was constructed so that
the conditions at the end of the standby period matched the op-
timum conditions as determined in the preceding paragraph.
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IIT. PHASE I RESULTS

A. PRELIMINARY STUDY AND COMPARISON OF SYSTEM CONCEPTS

The Phase I work was initiated with a survey of propellant
tank pressurization concepts and systems that could be applicable
to future use with the current Apollo SPS. The investigation in-
cluded concepts involving technical considerations beyond present
state of the art. The major criteria for inclusion of systems in
the survey were their potential for weight savings and compatibil-
ity with Apollo SPS mission and vehicle requirements. The survey
produced nine basic System concepts for consideration. Of the
nine systems surveyed, seven were selected as ALPS candidates, to
be subjected to preliminary study, design, analysis, and compari-
son,

The purpose of this effort was to provide a basis for compar-
ative evaluation of the candidate systems, so the candidates show-
ing the least potential could be omitted from more detailed in-
vestigation. The present Apollo SPS pressurization system was
also subjected to the preliminary analysis, to provide a baseline
reference for the comparison. This system is designated as sys-
tem O in this report. All other Systems are designated by the
numbers used in the original survey effort. A brief description
of each system is included in the following subsections.

1. Description of Candidate Systems

a. System O, Ambient Stored Helium - The present Apollo SPS
pressurization system is shown schematically in Fig. 1.
Helium stored at high pressure and ambient temperatures
expands through propellant feedline heat exchangers be-
fore entering the propellant tanks. Purpose of the heat
exchangers is to nullify the cooling effect of helium ex-
pansion from the storage container. The ambient stored
helium system is 3 highly reliable pressurization system,
due to system simplicity and absence of extreme (high or
low) operating temperatures. This also is a relatively
inexpensive system to design, develop, fabricate, and
maintain -- again as a result of simplicity in concept
and environment. The significant disadvantages of this
system are its size and weight. Ambient storage of heli-
um requires a considerable volume in relation to the over-
all system envelope. The containment of a large gas vol-
ume at high pressure results in extremely heavy storage
containers,
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System 1, Cryogenic Stored Helium - This system is sche-
matically identical to O (see Fig. 1). The only differ-
ence is in the helium storage environment. In a vehicle
where cryogenic storage is possible, a considerable re-
duction in weight can be realized by storing the pres-
surant cryogenically, then heating it prior to entry into
the propellant tanks. The system shown uses the main pro-
pellants to heat helium to near ambient temperature. Thus,
the helium storage density is high, affording a relatively
small container, while the tank entering density is low.
Another advantage of storing the high-pressure gas at
lower than ambient temperature is the strength/tempera-
ture relationships of the usable aluminum and titanium
alloys, which show a very significant increase in strength
with decreasing temperature. Storage container weight can
thus be reduced in two ways -- container volume reduction
and container material strength increase. The increased
material strength at lower temperatures was used in the
preliminary studies described in the following Subsection
2. However, in the detailed design and analysis (Section
B) all pressurant storage containers were stressed for
ambient temperature (530°R) allowables.

System 1A - System 1A, shown in Fig. 2, is similar to Sys-
tem 1, but uses hydrogen to pressurize the fuel tank.

This approach could possibly result in some weight saving
since hydrogen is half the density of helium. Hydrogen
was not considered as an oxidizer tank pressurant due to
the potential explosion hazard of a hydrogen/nitrogen te-
troxide vapor mixture.

System 2, Cryogenic Stored, Heated Residual Helium - A
method of reducing helium storage volume, and therefore
storage weight, of the system previously discussed is to
heat the storage container residual gas as shown in Fig.
3. The philosophy illustrated by this technique is that
although initial helium storage conditions of low tempera-
ture and high pressure are conducive to minimum system
weight, a final gas state of high temperature and low pres-
sure within the storage container has the effect of re-
ducing the mass of unusable residual helium and therefore
the mass of the initial helium load. As shown in the
figure, a gas generator may be incorporated as a heat
source. Since heating of the storage container in this
way may be comparatively low level, it is anticipated

that auxiliary propellant feedline heat exchangers should
be used to increase helium temperature to ambient.
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System 4, Cryogenic Stored, Heated Residual, Heated Heli-
um - This system (Fig. 4) combines the use of residual
pressurant heating with active helium heating in the sup-
ply line. It combines the potential advantages of low
pressurant mass requirement and minimum pressurant stor-
age residual. The gas generators, used for heating,
could also be combined into a single unit, depending on
the relative hot gas flow requirements to each heat ex-
changer and the resulting control problems encountered.

System 5, Cascade Helium Storage, Propellant Feedline
Heating - The cascade Sstorage system (Fig., 5), like Sys-
tem 2, was conceived in an effort to reduce helium resid-
ual mass and the associated primary storage container
size. This is done by replacing the cold helium flowing
out of the primary container with warmer, less dense heli-
um from an ambient temperature secondary container. The
warm and cold gases in the primary container are separated
by a flexible membrane. The membrane was later deleted,
as discussed in Section B, Subsection 1. The main pres-
surant is expanded through propellant feedline heat ex-
changers to bring the temperature up to near ambient.

The weight saved in the primary storage container must

be compared to the weight added by the secondary container
to determine desirability of the cascade concept,

System 7, Main Tank Injection, Ambient Stored Helium - The
main tank injection (MTI) system, shown in Fig. 6, repre-
sents one of the most advanced methods used in propellant
tank pressurization. MTI is the process of generating
pressurant gas within the confines of a propellant tank

by injecting into the tank a reagent that reacts hyper-
golically with the propellant. Pressure control is ac-
complished by controlling the rate of reagent injection.
The reagent is stored as a liquid at a pressure only
slightly above propellant tank pressure. A very small,
high-pressure helium bottle can be used for reagent pres-
surization. The high-density, low-pressure liquid reagent
storage system represents a small fraction of the weight
and volume of a gaseous helium Pressurant storage con-
tainer. System response is very high, even after extended
shutdown periods. Ullage gas temperatures are relatively
high, and the combustion product molecular weights are
near 21 1bm/1b-mole for the A-50 tank and 30 lbm/lb—mole

for the N204 tank.

III-3
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h. System 8, Cryogenic Stored, Heated Helium/Gas Generator
Products - The unique feature of this system (Fig. 7)
is that fuel-rich gas generator combustion products are
used to pressurize the fuel tank after serving as a heli-
um gas heat source. This provides a free source of pres-
surant for the fuel tank, thereby decreasing the total
system helium usage. It is not practical to consider
the fuel-rich gas generator products as a pressurant for
the oxidizer tank because a gas generator using NZOA/A_SO

must be operated at a very low oxidizer/fuel mixture ra-
tio for stability and temperature reasons, and the re-

sulting combustion products are reactive with the N204.
Gas generator combustion products, having a molecular
weight of 16 lbmllb—mole from a gas generator mixture

ratio of 0.085, are used for fuel tank pressurization
in the Titan II ICBM, Gemini launch vehicle, and Titan
III core vehicle,

2. Preliminary Study and Analysis of Candidate Systems

The purpose of this effort was to determine the relative
size, weight, operational characteristics, and component require-
ments of each candidate system to establish a realistic compari-
son of the advantages and disadvantages of the various candidates.
These preliminary studies were performed using a common set of
criteria for the analysis of all systems. These criteria were
established in a manner to ensure a most efficient method of at-
taining the desired comparison of the candidate systems. The
preliminary study and analyses were performed in accordance with
the following stipulations:

1) Thermal effects of the environment were neglected --
outer surfaces of pressurant and propellant storage
tanks were adiabatic;

2) Subsystem sizing was established on the basis of
nominal vehicle requirements only and did not provide
for helium usage margin;

3) All analyses were based on the design mission profile
defined in Table 1;

4) The mass of tubing, insulation, support structure,
and miscellaneous fittings was omitted. The mass
analysis considered pressurant, pressurant storage
containers, valves, pressure switches, gas generators
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(and propellants), and heat exchangers. The material
considered for pressure vessels was titanium 6Af-4V
(ELT for cryogenic containers) alloy. All valves

and pressure switches were considered as series-par-
allel redundant,

The present Apollo pressurization system was also analyzed
using the above ground rules. Rather than use the actual mass,
reliability numbers, etc, the Apollo system was reanalyzed to re-
flect the same criteria and techniques used in analyzing the can-
didate systems. In this way all systems were compared in the
proper perspective,.

The preliminary mass analysis and optimization of the candi-
date systems included parametric studies of three major varia-
bles -- temperature of stored gas pressurant entering the propel-
lant tanks, initial pressurant temperature, and initial pressurant
storage pressure.

a. Propellant Tank Pressurant Usage - Since the mass of helj-
um required to pressurize the propellant tanks is a func-
tion only of the temperature of the helium entering the
tanks and the conditions within the tanks, it was con-
venient to make this analysis for all helium systems at
one time. The mass of hydrogen required for fuel tank
pressurization in System 1A was also determined at this
time. An IBM 7094 computer program* was used to calcu-
late the pressurant masses required for fuel and oxidizer
tanks, for several pressurant entering temperatures. The
results are plotted in Fig. 8, 9, and 10. These figures
also illustrate the effect of pressurant entering tempera-
ture on total mass of propellants vaporized during the
mission.

Considering the fuel tank requirements (Fig. 8 and 9),
it is noted that inlet temperature has almost no effect
On pressurant mass, particularly above 500°R. Also, the
effect on vaporized fuel is negligible, due to the com-
paratively low vapor pressure of the NZHA/UDMH mixture at

operating temperatures. The oxidizer tank pressurant curve
(Fig. 10) also shows only a very slight decrease in pres-
surant mass at temperatures above 500°R. Oxidizer vapor

*Pressurization System for Use in the Apollo Service Propulsion
System - Computer Program Utilization Manual. Martin-CR-66-~39.
Martin Company, Denver, Colorado, July 1966.
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mass is much more sensitive to temperature, but this factor
is of minor importance when compared to total pressuriza-
tion system mass. It was concluded that with a stored-

gas system for the Apollo SPS, no advantage is accrued by
heating the pressurant to a level significantly above the
nominal propellant temperature. System weight reductions
must be effected through changes in pressurant storage
technique rather than by increasing the pressurant enter-
ing temperature.

In addition to pressurant mass requirements, another ef-
fect of pressurant entering temperature was noted during
the preliminary analysis. This is the influence of pres-
surant temperature on propellant storage tank pressure.
With the onset of each vehicle coast period, the bulk
propellants, ullage gases, and propellant tank walls will
tend to attain uniform thermal equilibrium. If, at the
end of a burn period, the tank ullage temperature is
above ambient, the subsequent cooling will cause a de-
crease in propellant tank pressure. If the ullage tem-
perature is below ambient at the end of the burn period,
tank pressure will rise as equilibrium takes place. Fig-
ure 11 shows maximum tank pressures as a function of pres-
surant entering temperature. The data shown in this fig-
ure were taken from computer runs that analyzed the pro-
pellant tank thermodynamic histories over the design mis-
sion. The maximum operating pressure for the Apollo SPS

is about 225 lhf/in.z absolute;* therefore, entering gas

temperature less than about 300°R would cause propellant
tank venting in the course of a normal mission.

System mass is relatively unaffected by pressurant en-
tering temperature, as long as the entering temperature
is above 300°R. Therefore, ambient entering gas tempera-
ture was selected to minimize propellant tank pressure
excursions. For purposes of this preliminary study, am-
bient temperature was taken as 530°R. Propellant tank
pressurant usage was therefore fixed at 29.3 lbm and

34.7 1b  of helium for fuel and oxidizer tanks, respec-
m

tively, and 14.8 1bm of hydrogen for the System 1A fuel
tank,

*Actual design maximum pressures are 232 psia for Block I
and 218 psia for Block II,
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b. ressurant Storage - Gas storage container weight was
optimized from the standpoint of initial pressure and
initial temperature.* Initial storage pressures con-

sidered were 1000, 2000, 3000, and 4000 lbf/&n.z absolute.
In all cases, the final and/or minimum storage pressure
was fixed at 400 lbf/in.2 absolute. Initial helium stor-

age temperatures investigated were 37, 140, 300, and 530°R.
In the case of hydrogen storage, the temperatures considered
were 70, 140, 300, and 530°R; the minimum temperature of
70°R was chosen to prevent the hydrogen from condensing

in the storage container. Only spherical geometry was
considered. Although the outer surface of the container

was considered adiabatic, heat transfer between the sphere
wall and the pressurant was considered. Also, the sphere
wall and pressurant were forced to thermal equilibrium
during each coast period.

A mathematical model was used to simulate the helium ex-
nansion process.? The program was originally written

for helium gas, but was also suitable for hydrogen gas
with a slight revision of the equation of state used.
Also included in this program are the equations for cal-
culating the storage container mass, based on particular
material properties, safety factors, and required dimen-
sions. The sphere mass thus derived does not include any
allowance for structural land areas or bosses that may be
required.

c. Pressurant Storage with Internal Heat Exchanger - For
this study, a free convection heat exchanger was used in
the helium storage tank operating only during propellant
burn times. It was taken to be a single straight finned
tube. The heat was supplied by hot-gas products of a gas
generator burning main tank propellants. A constant flow
rate of hot gas at a given fixed inlet temperature was
supplied to the heat exchanger.

The size and weight of this system were obtained from

a numerical computation of the helium storage vessel
thermodynamics through a mission time, as was done on the
basic helium system. The major modification to existing
computer programs was the inclusion of the calculation

of the heat flux from the heat exchanger.

*This discussion is pertinent to the analysis of all high-
pressure gas storage containers in all systems, with the exception
of the primary storage tank in System 5.

tIbid.
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Primary Helium Storage for Cascade System - This type of
helium storage concept is used in System 5, shown in Fig.
5.

An IBM 1620 computer program was used to simulate the
helium expansion process out of the primary container.
This program also calculated the required flow of helium
from the cascade container into the primary container
simultaneously with the helium expansion process out of
the primary container. The program first calculated the
primary storage container mass based on the material prop-
erties, safety factors, and required volume. To simulate
the expansion process, the program expanded a required
amount of cold helium for each pressurization event.

This single expansion continues until the primary stor-
age container pressure drops to 300 psia. At that pres-
sure and in order to maintain that pressure, ambient heli-
um was expanded from the cascade container into the pri-
mary container simultaneously with the cold-gas expansion
out of the primary container. Heat transfer between the
primary container wall and both the hot and cold helium
was considered. Also, the heat transfer between the hot
and cold helium was considered. After each pressuriza-
tion event, the primary container wall, hot helium and
cold helium were forced into thermal equilibrium during
each coast period.

Propellant Feedline Heat Exchangers - The low pressure,
feedline heat exchangers used in these systems are of
the same basic geometry as the existing Apollo SPS heat
exchangers, i.e., a single tube, counterflow coil en-
closed within an expanded section of each propellant
line. This analysis is analogous to a single straight
section of tubing positioned normal to the flow of pro-
pellant (corrections are being included to simulate ef-
fects of coil). The desired inlet and outlet tempera-
tures are inputs to the analysis, together with the tube
diameter and pertinent thermal and physical properties
of propellant, gas, and tubing material. The total
length of tubing required to produce the required gas
temperature change is computed, as is gas pressure drop,
propellant temperature change, and total mass of the heat
exchanger.
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f. Heat Exchanger/Gas Generator - An existing mathematical
model, programed for use with the IBM 1620 computer, was
used to predict heat exchanger and gas generator weight
for various conditions of entrance and exit temperatures,
pressures, and gas flow rates. The model was based on
methods described by Kays and London.* The basic configu-
ration chosen for this analysis was a cross flow, finned
tube unit with the fins exposed to the hot gas and the
cold helium flowing inside the smooth tubing. This heat
exchanger is typified by Kays and London, and the func-
tional relationships they present were used to define the
hot gas film coefficients.? Internal film coefficients

for the cold gas were based upon the turbulent portion of
Fig. 41.%

g. Auxiliary Liquid Propellant Storage - Systems 7 and 8 re-
quire storage of small quantities of propellants for the
MTI process (System 7) and high-temperature gas genera-
tion (System 8). The quantities of liquids required were
determined for each system through analysis of the respec-
tive processes. This, in conjunction with operating pres-
sures, propellant density, and properties of the titanium
6AL-4V alloy, established the size and weight of each con-
tainer.

The quantities of auxiliary propellants required in Sys-
tem 7 were determined by a detailed analysis of the MTI proc-
ess for each of the main SPS propellant tanks, For Sys-
tem 8 the quantities of propellants were dictated by the
hot-gas pressurization requirements of the SPS fuel tank,

h. Results of Preliminary Weight Studies - After completion
of the various subsystem studies, the subsystem and com-
ponent weights were tabulated to produce comparative pres-
surization system weights for the ranges of pressurant
storage temperatures and pressures considered. The
weights for Systems 1, 1A, 2, 4, 5, and 8 are shown in
Fig. 12 thru 17. The comparative weight for System O,
the present Apollo SPS pressurization system, is shown
as the 530°R curve in Fig. 12. System 7, using liquid
propellants stored at ambient temperature, was not appli-
cable to the pressure/temperature optimization studies,
The weight of System 7 is 307.6 1bm.

“W. M. Kays and A. L, London: Compact Heat Exchangers,
McGraw-Hill, 1958.

tIbid., Figure 92.
+Ibid.
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3. Comparison of Candidate Pressurization Systems

The candidate pressurization systems included in the pre-
liminary study effort were subjected to a comparison study for
the purpose of selecting the three systems most suitable for use
in the Apollo SPS., The three selected systems were then analyzed
and investigated in greater detail, as discussed in Section B.
The methods used in this comparison and selection effort are dis-
cussed in this subsection.

The technique used for the comparison required a numerical
evaluation of the candidate systems, related to the results of
the preliminary study effort. The numerical evaluation procedure
devised was based on a comparison of certain relative merits of
each candidate system, as measured by the pertinent, common char-
acteristics among all systems. Each characteristic was assigned
a weighting factor that was an indication of the importance of
the particular characteristic in regard to the entire evaluation.
The following characteristics were considered, with the indicated
weighting factors:

1) Mass -- 1/2;
2) Reliability -- 1/4;
3) Compatibility and adaptability -- 1/4.

A merit rating number, composed of contributions from each of
the above items, was computed for each candidate system. Each
constituent in the merit number was defined as a ratio so its
maximum value would be 1 (unity) prior to multiplication by the
proportional weighting factor. Therefore, the maximum value for
the total merit rating number is also 1. The contributing factors
are discussed individually.

a. Mass - Since the major objective of this contract was to
develop a pressurization system that is lighter than the
current Apollo SPS pressurization system, mass was the
most important consideration in the merit rating evalua-
tion. The effect of mass on the overall merit rating was
defined as the ratio of mass of the lightest system to
mass of the particular candidate system:

- mass of lightest system
Mo mass of candidate system’
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The value of (N ) will attain 1 as an upper limit, and
m/ m

may approach 0 as the lower boundary.

The values for system mass used in this evaluation are
comparative rather than absolute. Sizing of systems
during the preliminary study effort was only on the basis
of nominal vehicle requirements, and did not consider the
effects of pressurant leakage, contingent system opera-
tion, or other design perturbations that would cause ar-
bitrarily established variations in pressurant usage.
Also, the mass of tubing, insulation, support structure,
etc has been omitted. Such items as loaded pressurant,
pressurant storage containers, valves, pressure switches,
gas generators, and heat exchangers were included in sys-
tem mass estimates, This applies also to the present
Apollo SPS pressurization system mass figure used in

this comparison study. Rather than use the actual sys-
tem mass, the system was reweighed to reflect the same
criteria and technqiue as established above for the can-
didate systems. In this way, all systems were compared
in the proper perspective,

Reliability - Reliability was the second key criterion
affecting pressurization system selection. Man-rating

of the final selected system will be an ultimate neces-
sity, so a favorable preliminary reliability character-
istic was mandatory. It is ineffective to compare a ra-
tio of reliability numbers directly, because variations
usually occur only beyond the second significant digit.

A ratio of failure rates is a much more sensitive method
of comparison. Therefore, the contribution of reliability
to the merit rating number was defined as:

N _ 1.0 - Reliability number for present system
( m. R 1.0 - Reliability number for candidate system’

Reliability numbers were calculated on the basis of ge-
neric failure rates established for the individual com-
ponents associated with each candidate system. Environ-
mental and mission dependent effects were considered where
applicable. The reliability analysis, like the mass anal-
ysis, excluded from consideration certain items not di-
rectly related to this comparison effort. Vent relief
valves, pressurant fill valves, and filters were omitted.
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These components are common to all systems studied, and
in general do not contribute to airborne (in-flight) sys-
tem operation. Items that received attention in the re-
liability analysis included flow control valves, check
valves, pressure switches, heat exchangers, gas genera-
tors, pressurant storage containers, lines, and fittings.

Compatibility and Adaptability - In this evaluation, com-
patibility is a term used to indicate the capability of
each candidate in conforming to the constraints imposed

by the Apollo SPS vehicle and mission. This included

such considerations as environment, geometry, operational
characteristics, and logistics. In general, compatibility
is a measure of the ease and potential of making any given
pressurization system an operational part of the Apollo
SPS. The adaptability portion of this criteria indicated
a consideration of the degree of development problems
associated with each system. A state-of-the-art system
using off-the-shelf hardware would get a higher rating
than a more advanced concept for which an extensive com-
ponent development program would be required. The total
contribution of compatibility and adaptability to the
merit rating was:

(Nm)c = (X)’

where (X) is a number chosen as follows:

X) 0 indicates a definite incompatibility with the SPS;

(X) = 0.25 indicates the candidate system could probably
be used with the SPS, but extensive develop-
ment would be required, along with probable
changes in SPS existing design;

(X) = 0.50 indicates the candidate can be used with the
SPS, after moderate development effort and
with few concessions in existing design or
operation;

(X) = 0.75 indicates the candidate can be used with the

SPS, and requires a minimum of development ef-
fort and minimum interference with existing
SPS operation;
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(X) = 1.0 indicates no development effort required and
the candidate is completely compatible with
existing SPS design.

The final merit rating number was computed as the sum of
each of the three contributors:

No=1/2 (W) o+ 1/4 Mg ¥ 176 ().

The systems with the highest merit rating were considered
to be the most promising candidates, and the systems
rated lowest were considered to be least worthy of fur-
ther consideration,

Pertinent results of the candidate pressurization sys-
tem comparison study are shown in Table 4. The overall
merit rating numbers of candidate systems range from a
low of 0.5583 to a high of 0.8426. Merit rating of the
current Apollo SPS pressurization system is 0.6393. The
total possible range of merit rating numbers is from O

to 1. Candidates with the higher merit ratings were
considered to be more desirable for the Apollo SPS appli-
cation,

To more clearly illustrate the comparison of total system
masses for the candidate and the current Apollo SPS pres-
surization systems, curves shown in Fig, 18 were prepared
For the stored-gas systems (1, 1A, 2, 4, 5 and 8), the
curves represent total system mass as a function of in-
itial storage temperature -- at the optimum storage pres-
sure. Systems O and 7 are shown as point values, since
they operate only at ambient temperature.

The relative ranking of the candidate systems (present
Apollo system included) according to numerical merit
rating is given in Table 5. System 5 has the highest
overall rating, by a significant margin. As noted in
Fig. 18 it was also potentially the lightest of all can-
didate systems. System 1 ranks second, and System 1A is
a close third.

Systems 1 and 1A are very similar in concept. Figure 18
reveals that these two systems are also extremely com-
parable in mass., However System 1A depends on two sepa-
rate working fluids, whereas System 1 uses only helium.
Therefore System 1A was excluded from further considera-
tion because of complexity considerations.

I11-13
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Systems 5, 1, and 8 were the three top candidates in the
numerical evaluation. Figure 18 also shows that these
three systems have the highest weight-saving potential
over the widest temperature range of all candidate sys-
tems.

Based on this comparison, Systems 5, 1, and 8 were se-
lected as candidates for more detailed design and anal-
ysis.

B. DETAILED INVESTIGATION OF SELECTED SYSTEMS

The three candidate pressurization systems selected for con-
centrated study were defined and evaluated in detail to determine
the advantages and disadvantages of each system. The results of
the detailed evaluation were used in a comprehensive comparison
of the candidate systems. From this comparison, the system of-
fering the greatest overall advantages for use in the Apollo SPS
was selected. The methods and criteria used in the system evalua-
tion and the results obtained are discussed in this section.

The detailed studies are discussed in relation to the follow-
ing major categories:
1) Additional study and refinement of system concepts;
2) Problem area investigation,
a) Helium storage tests,
b) Propellant feedline heat exchanger tests,
c) Pulsed mode pressurization control tests,
d) Gas generator/propellant feedline gas cooler tests;

3) Optimum system selection.

The thermodynamic analyses used in these detailed studies
incorporated the methods and models of the preliminary studies,
with consideration of the thermal effects of the system environ-
ment added. Final pressurant storage container sizing included
a 5% contingency factor to allow for leakage and loading toler-
ances, Also, the system mass estimated in this section reflects

the effects of all identifiable components required for complete
flight systems.
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1. Additional Study and Refinement of System Concepts

One early accomplishment of the detailed design and analysis
effort was the review of the basic concepts for the purpose of
incorporating possible improvements. Several potentially attrac-
tive modifications were considered that affected all three can-
didate systems. Certain modifications involving Systems 5 and 8
were adopted. Others -- undesirable primarily because they in-
creased system mass -- were discarded.

The modifications studies and used are discussed briefly in
this subsection.

a. System 5 - The original concept of System 5 included a
flexible membrane (bladder) within the primary helium
tank. The purpose of the bladder is to retain the warm
cascade gas within the primary tank, so that all avail-
able energy heats the primary gas (and tank) rather than
escaping into the propellant tanks, where it would be
relatively ineffective. In removing the bladder, it was
recognized that some of the warm gas would exit from the
primary tank and exert some detrimental effect on system
mass. However it was determined that by suitable diffu-
sion of the entering cascade gas, nearly perfect mixing
could be attained.

The analysis of the bladderless primary tank was based
on the premise that the entering cascade gas instanta-
neously and thoroughly mixed with the resident primary
tank gas. Otherwise, the mathematical model used in the
thermodynamic and sizing analysis was the same as that
for the system with a bladder.

The results of the analysis are shown in Fig. 19. These
weights were generated by the same rules used during the
preliminary study and are to be interpreted as compara-
tive rather than absolute figures. The results show an
increase in the minimum system weight for all three stor-
age temperatures. Figure 19 also shows that the minimum
weight points were shifted toward slightly higher storage
pressure, although the effect is barely discernible.
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In consideration of the bladderless version of System 5,
the following observations were immediately apparent:

Development cost and schedule uncertainties would
necessarily be less than for the original concept of
System 5 (with a primary tank bladder);

Reliability is higher than for the original concept
of System 5;

System weight is slightly higher than for the original
version,

The only disadvantage in removing the bladder from System
5 was the increase in system weight. As noted in Fig.
19, the weight increase at an initial storage pressure

of 4000 psia amounts to less than 25 lbm. The develop-

ment and reliability factors were recognized as being
more important than the system weight difference; there-
fore, the use of a bladder in the primary helium storage

tank was not considered in further examination of System
5.

System 8 - System 8 was modified in two aspects after the
preliminary studies were completed. The first modifica-
tion was the replacement of the original gas-to-gas heat
exchanger (for heating the helium and cooling the gas
generator products) with two liquid-to-gas propellant
feedline heat exchangers. The other modification entailed
replacing the bipropellant gas generator with a monopro-
pellant unit.

In the early stages of the detailed analysis, it was found
that a basic energy unbalance would prevent the use of a
direct gas-to-gas heat exchanger. The energy that must

be lost by the hot-gas generator products to achieve the
maximum tank entering temperature of 600°R far exceeded
the amount of energy required to heat the cold helium to
that same temperature. It was then decided to analyze

the use of separate propellant feedline heat exchangers --
one to heat the helium to near ambient temperature, and
the other to cool the hot gas generator exhaust products
to an acceptable temperature (600°R). The operating
parameters for the System 8 unit were identical to those
for the System 1 helium/oxidizer heat exchangers that had
already been analyzed in the System 1 studies. Therefore,
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only the hot gas/fuel heat exchanger was significant,
Subsequent analysis of this unit provided data compatible
with existing design requirements and indicated heat ex-
changer weights would be in the same range as weights for
the helium/oxidizer units.

The use of a hydrazine monopropellant gas generator was
considered for System 8 because:

System complexity (both component and operating)
would be significantly reduced, since only one pro-
pellant supply subsystem would be required;

The combustion products are cleaner. Only hydrogen,
nitrogen, and ammonia are produced in the N_H, decom-

24
position process, all of which are compatible with
the system and do not form sludge or any type of

solid precipitate. The Nzoa/Aerozine 50 reaction

produces -- in addition to the constituents listed

above -- water, vapor, and various carbon compounds
that are known to produce liquid and solid contami-
nates detrimental to consistent system performance;

The N2H4 monopropellant unit is capable of generating

gases at lower temperatures than the bipropellant
units.

Consultation with two companies prominent in the field
of developing the N2H4 gas-generator concept (Rocket

Research Corporation, and Sundstrand Aviation Company)
revealed that hydrazine gas generators are now within
state-of-the-art technology and could offer greater ad-
vantages than a bipropellant system for the Apollo SPS
application. This is substantiated in the fact that such
units are now flying on two different space vehicle sys-
tems (Mariner and Ranger). Figure 20 shows the estimated
fuel tank pressurant usage requirements for N H combus-

24
tion products. These curves compare very favorably with
the required usage of 89.6 1bm (at tank inlet temperature

of 600°R and propellant temperature of 530°R) predicted
for bipropellant gas-generator products.
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It was concluded that in all respects the N2H4 monopro-

pellant gas generator was more appropriate for System 8
application than the N204/Aerozine 50 unit.

2. Finalized System Concepts

The finalized concepts of Systems 1, 5, and 8 are discussed
in this subsection.

a.

System 1 - System 1 is shown schematically in Fig. 21.
This system is the least complex of the three candidates
in terms of concept and operation. Helium stored at high
pressure and low temperature is the pressurant. The flow
of helium is controlled by solenoid valves energized by
pressure switches that sense propellant tank pressures.
The helium is heated while en route to the propellant
tanks by heat exchangers that use the propellants as

heat sources. The helium storage system consists of a
pressure vessel surrounded by a lightweight, rigid jacket
wrapped with NRC-2 superinsulation. The purpose of the
jacket is to contain a coolant to maintain the pressure
vessel and stored helium at the proper temperature during
the prelaunch hold period. Residual coolant in the jacket
at launch time is vented and does not cause a weight pen-
alty. The propellant tank pressure switches and the so-
lenoid valves are grouped into series/parallel units to
attain high reliability. The orifice shown just down-
stream of each set of solenoid valves is used to trim the
maximum helium mass flow rate for test convenience. They
would not be necessary in the flight design. Propellant
retention screens are used at the pressurization line
outlet in each propellant tank to prevent liquids from
vackflowing through the lines. It is not necessary to
prevent propellant vapors from entering the pressuriza-
tion lines, since the solenoid valves preclude the pos-
sibility of mixing of the vapors from fuel and oxidizer
tanks.

System 5 - System 5 is shown in Fig. 22, and is function-
ally identical to System 1 with the exception that a
cascade helium tank and associated valving and pressure
switches have been added. The cascade tank contains am-
bient temperature helium used to heat the primary storage
system during latter stages of the mission. This in-
creases the final temperature of the primary helium,
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thus reducing the mass of helium that must be loaded in-
itially. The total volume of loaded helium (primary plus
cascade) is also less than for System 1, which means a
reduction in helium tankage mass.

Operation of the cascade arrangement is as follows. Heli-
um for propellant tank pressurization is at all times ex-
tracted from the primary tank. When pressure within the
primary tank falls below a minimum set level (in this
case, 400 psia), the solenoid valves are energized and
admit helium into the primary tank. Pressure in the pri-
mary tank is then controlled at 400 psia by the pressure
switch/solenoid valve arrangement during the remainder of
the mission. The pressure switches on the primary stor-
age tank are arranged in series/paralled redundancy, as
are the solenoid valves between cascade and primary tanks.

c. System 8 - System 8 (Fig. 23) consists of two separate
types of pressurization systems. A cold stored helium
system, identical in operation to System 1, pressurizes
the oxidizer tank. The fuel tank is pressurized by ex-
haust gases from a hydrazine monopropellant gas generator.
The fuel tank pressurant is composed of hydrogen, nitro-
gen, and ammonia. Helium from the main supply tank is
used to pressurize the hydrazine tank by a quad redundant
pressure switch/solenoid valve arrangement. A flexible
bladder is used in the hydrazine tank to permit zero grav-
ity operation. Hydrazine flows through a set of shutoff
valves (series/parallel redundant) to the gas generator.
The gas generator uses a Spontaneous catalyst (Shell 405)
to decompose the hydrazine at a temperature of about
1960°R. The gases are cooled in the feedline heat ex-
changer before entering the fuel tank. The gas generator
propellant shutoff valves are operated by series/parallel
redundant pressure switches on the main fuel tank.

3. Problem Area Investigation

Further information was required for the evaluation program;
the information needed fell in two categories:

1) Performance data for components and subsystems;

2) Feasibility of certain System concepts.
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Both analytical and experimental studies were performed to ob-
tain the required information. Where applicable, experimental
results were compared with analytical predictions.

The Phase I test program was concerned with establishing the
basic characteristics of several subsystems and components that
might be used in a pressurization system for the Apollo SPS. The
general purpose of the program was to obtain empirical data on
several candidate subsystems to establish feasibility and to val-
idate the analytical models used for the candidate systems. The
experimental investigations covered the following basic areas of
concern:

1) Thermodynamics of a cryogenic helium storage container;
2) Propellant feedline heat exchanger characteristics;

3) Operation of a solenoid valve as used in a propellant
tank pressure control system;

4) Operation of a gas generator/feedline heat exchanger
system as a fuel tank pressurization source.

The experimental test program is discussed in the following
paragraphs. Additional details on equipment (instrumentation),
procedures, and conduction of individual tests are available.*

a. Helium Storage Tests - The objective of this test was to
acquire data on the thermodynamic characteristics of heli-
um stored at low temperatures (about 140°R), including
the effects of expansion of helium from the container
and external heating of the container during simulated
burn/coast periods.

The test fixture, shown schematically in Fig. 24, con-
sisted of an insulated storage sphere, an insulated vac-
uum tank or chamber in which the storage sphere was
mounted, and a liquid nitrogen/helium heat exchanger.

The stainless steel sphere had an internal volume of 3.94
cu ft and weighed 1230 1b with the temperature rake in-
stalled. The sphere was covered with foil-backed fiber-
glas insulation having an installed thickness of 1/2 to
9/16 in. Isolation of the storage sphere mounting tabs

*Pressurization System for Use in the Apollo Service Propul-
sion System - Monthly Progress Report. Martin-CR-64-82 (Issue 8).
Martin Company, Denver, Colorado, June 1965.
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from the vacuum chamber supports was accomplished with
15/16-in.-thick Teflon shims. The helium heat exchanger
consisted of 60 ft of steel tubing (with a diameter of
1/4 in., and a wall thickness of 0.035 in.) immersed in
liquid nitrogen. Strategically positioned thermocouples
and pressure transducers were used to monitor temperature
and pressure.

The insulated storage sphere was precooled by filling it
with liquid nitrogen at ambient pressure (12 psia). The
liquid nitrogen was then drained from the sphere by pres-
surization with cold helium, and the sphere was evacuated
to scavenge the residual helium/nitrogen gas mixture.
After establishment of a satisfactory vacuum in the cold
sphere, helium loading was initiated. Helium was loaded
through the helium heat exchanger at a rate consistent
with maintaining a sphere inlet temperature of approxi-
mately 160°R. Loading was continued until the sphere was
charged to 3000 psia, at which time the test run began.
The sphere was maintained in a locked-up condition until
an adequate gas temperature rise (15 to 20 deg) had been
observed. The gas pressure was then vented to succes-
sively lower pressure levels (2500, 2000, 1500, 1000,

and 500 psia). At each pressure level, the sphere was
locked up for the required temperature rise period. Per-
tinent temperatures and pressures were recorded contin-
uously during the entire test run.

Of the six helium storage sphere tests that were executed,
the last two -- Runs 5 and 6 -- were considered successful
for comparison to analytical simulation. The first four
runs were performed to check out and troubleshoot the

test system.

The analytical simulation of the helium storage tests

was performed with the IBM 7094 gas expansion computer
programs (also used for the pressurant storage analysis
on the three candidate systems). One modification was
made to the basic gas expansion program to simulate the
helium storage tests. This modification was the addition
of venting at given rates from an established pressure
level to the next desired pressure level.

The results of the evaluation and comparison of the test
results with the analytical simulation for Tests 5 and 6,
respectively, are shown in Fig. 25a, 25b, 26, 27a, 27b,

I1I-21
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and 28. These figures show almost identical results for
both tests. The calculated temperature rise rates of the
helium and sphere wall temperature are very close to the
temperature rise rates experienced during a large portion
of both tests. The only exceptions occur at the start

of the first and second coast periods for both tests,
These exceptions are due to a tendency of the calculated
helium temperature to approach and stay about 1 to 2 deg
below the calculated wall temperature. Due to this tend-
ency, the calculated helium temperature increased at a
much faster rate than the test helium temperature during
the short time immediately following venting. This tend-
ency also explains the large difference in calculated

and test helium pressure during the first and second coast
periods. The start of the first coast period in both
tests clearly shows that the calculated helium tempera-
ture increased rapidly to within 2 degrees of the calcu-
lated wall temperature and then began the gradual temper-
ature rise while the test helium temperature rise was
gradual during the entire coast. Except for the small
deviations mentioned above, the calculated helium pres-
sures, helium temperatures, and wall temperatures com-
pared favorably with the helium pressures, average heli-
um temperatures, and average wall temperatures experienced
during the two tests when instrumentation accuracy is con-
sidered. The accuracy of the thermocouples at the tem-
peratures experienced during the tests was *8°F. The ac-
curacy of the pressure transducer was *50 psi. Therefore,
on the basis of this evaluatior and comparison, the com-~
puter program did provide a goud simulation of actual
conditions, within the accuracy of the measurements.

Propellant Feedline Heat Exchanger Tests - The objective
of this test was to determine the operating characteris-
tics of a propellant feedline heat exchanger similar to
that of the Apollo SPS, using ambient temperature NZHA/

UDMH fuel to heat 160°R helium.

A detailed drawing of the heat exchanger is shown in Fig.
29. NZHQ/UDMM fuel was supplied to the heat exchanger

from a facility supply tank. The fuel outlet end of the
heat exchanger was fitted with one thickness of 100-mesh
stainless steel screen to serve as an ice-catcher. Static
pressure bosses were provided upstream and downstream of
the screen to provide for measurement of pressure drop
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across the screen. The screen and pressure taps were
provided to determine whether freezing of the fuel oc-
curred as a result of transferring heat to the cold heli-
um. Helium was supplied to the heat exchanger inlet at
approximately liquid nitrogen temperature. Pressures and
temperatures were measured at the propellant and helium
inlets and exits. Also, the propellant and helium flow
rates were continuously controlled and measured.

A total of five propellant feedline heat exchanger test
runs were performed. The first three were checkout runs,
and the last two were data runs. Tests 4 and 5 were the

only runs that were evaluated and compared with analytical
data,

Runs 4 and 5 each consisted of alternating periods of op-
eration (simulated sustained flight) and shutdown (sim-
ulated coasting). Helium mass flows of 0.05 to 0.07 1b/
sec, and propellant flows of 180 to 190 gpm were used.

Analytical simulation was accomplished with the gas-to-
liquid heat exchanger computer program used for the pre-
vious analyses of candidate systems. The test data in-
put to the program were helium inlet and outlet tempera-
tures, fuel inlet temperature, helium and fuel flow rates,
and helium inlet pressure. Also input were the physical
and thermodynamic properties of helium and propellant,
and the test heat exchanger configuration, i.e., tube
inside and outside diameters, length and wall thickness,
and feedline cross sectional area. The computer program
calculated the heat exchanger length, helium pressure
drop, and fuel temperature drop.

The analytical simulation was conducted for the steady-
state portions of Tests 4 and 5 only. For Test 4, the
6-min steady-state run is designated at Test 4-A, and

the two 2-min runs are designated as Test 4-B and Test
4-C. For Test 5, the 6-min, 2-min, and two 3-min steady-
state runs are designated at Tests 5-A, 5-B, 5-C, and 5-D,
respectively. The results of the evaluation and compari-
son for these tests are shown in Table 6.

On the basis of this comparison, it was deduced that the
analytical model will give quite conservative values for
heat exchanger sizes. The primary source of disagree-
ment between the calculated and actual heat exchanger



I11-24

Martin-CR-66-44

length was the equation used to predict the heat transfer
coefficient across the inside gas film. The computer pro-
gram used an equation for a straight tube with moderate
temperature rise while in actuality the tube was a helical
coil with high gas temperature rise. Use of the correc-
tion for a helical coil increases the inside film coef-
ficient by about 30 to 407% for the actual exchanger di-
mensions and results in a decrease in the predicted
lengths. This effect was incorporated into the computer
program along with other refinements, i.e., temperature

at which properties were evaluated and more precise ex-
ponents. Much closer agreement between predicted and
measured values should result; however, the analytical
model will still be maintained on the slightly conserva-
tive side.

Pulse-Mode Pressurization Control Tests - The objective

of this test was to obtain empirical information on a
pulse-mode pressure control subsystem that might be in-
corporated into a propellant tank pressurization system.

It was desired that the subsystem control the ullage pres-
sure in a simulated propellant tank within a narrow band
when supplied 140 to 160°R helium from a stored source.
Further, the subsystem had to function properly at helium
flow rates from zero (coasting flight) to values associated
with full-thrust sustained flight.

The test fixture was composed of the 4-cu-ft, insulated
storage sphere (same unit used in the helium storage
test), a Sterer 3/4-in. solenoid-operated shutoff valve
(P/N 28370), a Hydra Electric 155-psig pressure switch

and a 10%-cu-ft accumulator sphere (simulated minimum
propellant tank-top ullage). A 0.020-in.-diameter, sharp-
edged orifices was installed downstream of the Sterer
shutoff valve to reduce its flow capacity to the desired
range. A remotely operated throttling valve was installed
in the discharge line from the accumulator sphere to per-
mit adjustment of helium mass flow rate to the desired
values of 0.06 to 0.10 1b/sec. Remotely controlled shut-
off valves were installed at appropriate points in the
system to permit fast-response starting and stopping of
the helium flow from the accumulator and to isolate the
Sterer valve for purposes of leak checking. A schematic
diagram of the system is shown in Fig. 30.



Martin-CR-66-44 I1I-25

The power supply to the Sterer valve was controlled by

the pressure switch, with provisions for manual override
on the control console. The pressure switch was wired

to send 28 vdc to the valve whenever the accumulator pres-
sure dropped below the 155 + 1 psig set-point, thus call-
ing for the valve to open. The Sterer valve was mounted
in a small vacuum chamber having uninsulated walls. A
vacuum pump was provided to evacuate the chamber to ap-
proximately 0.2 psia,

A series of three runs was made with the stored helium
gas source at an initial condition of 160°R and 2000
psia (maximum working pressure allowed for the pilot-
operated shutoff valve used). Each run included an in-
itial pressurization of the simulated tank-top ullage to
a lockup condition, followed by either a sustained pres-
surization run (full duration burn) or an interrupted
run (burning and coasting).

Operation of the pulse-mode subsystem was satisfactory
during all test runs, and acceptable data were obtained
on the dynamic characteristics of the subsystem and its
components at helium mass flows up to 0.07 1b/sec.

Maximum response time was 65 msec on opening and 50 msec
on closing. Minimum response time was 45 msec on open-
ing and 35 msec on closing. The control system operation
was entirely successful under all conditions tested. The
valve was tested for leakage at various temperatures be-
tween ambient and 140°R; no leakage was detected.

Gas Generator/Propellant Feedline Gas Cooler Tests - ThLe
objective of this test was to determine the operating
characteristics of a Pressurization subsystem comprising
a hydrazine decomposition chamber (hot-gas generator)

supplying pressurant gases and a propellant feedline gas
cooler,

The test fixture used in this test was a modification of
the fixture used for the feedline heat exchanger test,
The heat exchanger (gas cooler) was the sam~ unit and
the NZHA/UDMH propellant circuit was unchanged. The gas

generation and flow system consisted of a hydrazine sup-
ply tank having a capacity of 1.2 cu ft (75 1b of hydra-
zine); a 1/2-in. solenoid-operated shutoff valve in the
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hydrazine line at the gas generator inlet; a Rocket Re-
search Company, Model RB2-100, reaction chamber (hot -gas
generator of the hydrazine decomposition type) mounted

on the gas inlet side of the gas cooler; and a gas dis-
charge throttling system composed of a fixed-exit orifice
in parallel with a remotely operated throttle valve. The
gas throttling system was developed when it became ap-
parent that the gas generator was subject to destructive
detonation if allowed to discharge into an inadvertently
closed system. The provision of a fixed orifice in the
gas discharge system forestalled the possibility of op-
erating the gas generator with a closed exit. A remotely
controlled gas sample collector system was provided to
permit collection of a gas sample during the run. The
system is shown in Fig. 31 and 3la.

The test run was started by initiating propellant flow
and firing the gas generator simultaneously, using the
previously established valve settings. No adjustments
were made during the run. The system was allowed to run
for approximately 6 min. During the latter part of the
run, the sampling system was closed to trap a sample of
gas. At the end of the 6-min burn, the fuel flow and the
gas generator were shut off simultaneously to simulate
the start of a coast period. The surface temperature of
the gas-cooler tube was monitored on shutdown to detect
any excessive temperature rise (above 450°F). After a
simulated coast period of 10 min, during which the low-
rate, GN2 purge flowed through the gas-cooler circuit,

a 2-min burn was made in the same manner as the preceding
6-min burn. Following another 10-min coast period, a
final 2-min burn was made, After approximately 1 min of
the final 2-min burn had elapsed, a short period of sim-
ulated pulse-mode operation was performed by closing and
opening the gas generator hydrazine supply valve at f{re-
quencies of from 1 to 0.25 cps. The propellant flow was
continuous during pulse-mode operation of the gas gen-
erator. Following completion of the test run, the gas
sample bottle isolation hand valves were closed, and the
sample bottle was removed from the system.

There were four hot gas to fuel feedline heat exchanger
tests attempted. Of these four, the last two, Tests 3
and 4, were successful. Analytical simulation was con-
ducted for the steady-state portions of Tests 3 and 4
only.
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The analytical simulation was accomplished with the same
gas-to-liquid heat exchanger computer program that was
used for the helium-to-fuel heat exchanger simulation.
The same type of input parameters were required; output
data were also the same. Values for the input parame-
ters were taken from test data representative of the
Steady-state operation during Tests 3 and 4. Burns dur-
ing Test 3 consisted of a 6-min run, a 2-min run, and a
2-min pulse-mode run. Test 4 was identical to Test 3
except a higher gas flow rate was used. The 6-min and 2-
min steady-state runs for Test 3 are referred to as Tests
3-A and 3-B, respectively. The 6-min and 2-min steady-
state runs from Test 4 are similarly referred to as Tests
4-A and 4-B, respectively,

The results of the evaluation and comparison of these
tests are shown in Table 7. These results are similar
for all four tests. The results show that the computed
data are higher than the test data for the three param-
eters (heat exchanger length, hot-gas pressure drop, and
fuel temperature rise) that were compared. The percentage
difference between the computed data and test data is
much greater than that observed in the previous compari-
sons, i.e., the comparisons on the helium-to-fuel heat
exchanger. Two reasons exist for this increase between
predicted and actual values. The first is due to the
previously discussed need for improving the computer pro-
gram equations for calculating heat transfer film coef-
ficients, and the second is due to the unknown chemicatl
composition of the gas generation products. The neces-
sary changes in the computer program have since been in-
corporated. Since the gas analysis from the gas genera-
tor tests were unsatisfactory, the chemical composition
used in the analytical simulation was 59% hydrogen, 32%
nitrogen, and 97 ammonia (% by mole). This composition
was estimated for the gas generator exit temperature
range cxperienced during the tests. A successful sample
and analysis of the gas generator products would have
given the actuzl chemical composition from which the
physical and thermodynamic properties of the gas gen-
erator products could have been obtained. Use of the
actual physical and thermodynamic properties in the
computer program would help bring the predicted values
closer to the actual test conditions. However, the
greatest improvement will be obtained by revising the
heat transfer equations in the analytical model to ob-
tain predictions only slightly conservative in nature.
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C. SELECTION OF RECOMMENDED SYSTEM

The most important facet of the entire Phase I work was the
selection of the most promising pressurization system for the
feasibility test program to be executed during Phase II. Seven
system concepts were subjected to preliminary study, analysis,
and evaluation. Subsequently, a numerical comparison and evalua-
tion of the seven systems resulted in selection of the three most
promising systems for more detailed design, analysis, and evalua-
tion. This detailed study effort included experimental as well
as analytical investigations and resulted in the selection dis-
cussed in this section.

1. Criteria for Pressurization System Selection and Optimization

The basis for system selection has already been reported.*

In accordance with that report, the following criteria were con-
sidered in the prototype system selection:

1) Mass;

2) Envelope;

3) Reliability;

4) Minimization of system startup time;

5) Minimization of pressurization system leakage;

6) Minimization of propellant tank venting;

7) Cost;

8) Component availability;

9) Complexity;

10) Ground system requirements;

11) Storage time up to 30 days.

All threc systems are discussed in terms of cach of the selec-
tion criteria in the following subsection.

*System Selection Summary for Advanced Lightweight Pressuriza-

tion System. Martin-CR-65-6. Martin Company, Denver, Colorado,
January 1965.
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Comparison of the Three Candidate Systems

a. Mass - A basic requirement in developing a new pressuriza-
tion system for the Apollo SPS is a significant reduction
in mass, as compared to the present system, Therefore,
minimum mass was considered as the most important single
criterion for system selection. The existing Apollo SPS
pressurization system mass was calculated to be 880 1bm

for purposes of comparison. This calculation was based

on the data in Table 1, and used the same analytical tech-
niques as were used in deriving masses of the candidate
systems. Masses for the three candidate systems are
plotted in Fig. 32, 33, and 34,

During the course of the Phase I work, calculations in-
dicated that the 10-hr hold capability for helium stor-
age at 37°R could be provided by a reasonable size of
liquid hydrogen jacket surrounding the helium pressure
vessel., It was later determined that the heating rates
from the ground environment were of such magnitude that
it was practical to load only enough liquid hydrogen to
support a l-hr prelaunch hold period. It then became
necessary to include a vacuum jacket around the superin-
sulation for the systems stored at 37°R. This ensured
maximum thermal performance of the superinsulation, re-
ducing the ground heating rate to levels equivalent to
the flight conditions. This design change is discussed
further in Chapter V. Neither the vacuum jacket weights
nor the coolant weights are included in Fig. 32, 33, and
34,

The storage of helium at either 37°R or 140°R offers con-
siderable mass reductions over the present Apollo system.
The savings in mass dissipates rather rapidly at initial
storage temperatures above 140°R; therefore, temperatures
above 140°R were excluded from further consideration. In-
itial storage temperatures between 37 and 140°R are ex-
cluded, as will be discussed in Subsection j. Total mass
of each of the three candidate systems at 37 and 140°R
have been plotted as a function of initial helium storage
pressure in Fig. 35. It is observed that System 5 at
37°R is clearly the optimum system from the minimum mass
aspect., Considering the present system optimized mass of
880 lbm, System 5 offers a potential reduction of 535 1bm.
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Table 8 illustrates the potential reduction in mass for
each of the candidate systems, at 37 and 140°R initial
storage temperatures.

Envelope ~ All three candidate systems were designed to
conform to the geometry limitations of the existing Apollo
SPS. Furthermore, there is little discernible difference
in the overall envelope of all three candidate systems.
Therefore, this criterion had no influence on final sys-
tem selection.

Reliability - Final reliability analyses were completed
for the three candidate systems and for the present Apollo
SPS pressurization system., Results of these analyses are
tabulated in Table 9. The effects of all components were
considered in this effort. This included vent-relief
valves, fill-line disconnect, filters, lines, and fittings
that were omitted from earlier analyses. Therefore, the
reliability numbers given reflect realistic evaluations
of the systems. It was noted that the greatest probable
sources of failure in all systems are the lines and fit-
tings. This is because such unreliable individual com-
ponents as valves, regulators, and pressure switches have
been assembled into redundant units, considerably dimin-
ishing the possibility of total functional failures. To
eliminate the possibility that the effect of lines and
fittings could obscure other important comparative fea-
tures of candidate system reliability, an analysis was
made that omitted lines and fittings from consideration.
These results, presented in Table 9, show that System 1
is slightly higher in reliability than the present Apollo
system and System 8 is slightly lower.

Minimization of System Startup Time ~ The pressurization
system selected should add no appreciable complexity to
the Apollo SPS start sequence nor impose time lags that
necessitate anticipation of start operations. All three
candidate systems were equally advantageous in this re-
spect. None required more than a single command to in-
itiate operation, and all were instantly responsive (with-
in the 20- to 50-msec time required to actuate a normal
solenoid valve). This criterion was therefore not in-
fluential in selection of the optimum system.
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Minimization of Pressurization System Leakage - Since all
candidate systems contain the same types of components,
the comparison of leakage characteristics of the systems
was resolved by a count of all pressurized gas lines that
have the potential of leaking gas from the system. The
system with the greatest number of such lines was con-
sidered the least desirable. On this basis, System 1
with 21 lines was the minimum leak system, System 8 with
24 lines was second best, and System 5 with 29 lines
ranked third. Since most of the lines will be welded to-
gether in the flight system, it is not considered that
the criterion of leakage has a strong influence on sys-
tem selection,

Minimization of Propellant Tank Venting - Extensive pro-
pellant tank thermodynamic analyses were performed using
the design mission profiles and heating data as supplied
by NASA-MSC. These studies indicated that the maximum
operating pressures of the propellant tank would not be
exceeded during the mission, regardless of which candi-
date pressurization system was used. Since propellant
tank venting is not indicated, all three candidate sys-
tems are considered to be equally acceptable.

Cost - The estimated hardware cost figures for each can-
didate system are presented in Table 10. The tabulations
include both development and purchase costs for the com-
ponents. These estimates are based on actual costs in-
curred during the Titan III transtage procurement program,
modified to reflect the variations in component require-
ments and applications. Therefore, the costs are believed
to be representative of man-rated, flight-qualified hard-
ware. However, this information is presented for purposes
of comparison only and should not be construed as firm
prices,

System 1 is definitely the least expensive of the three,
and System 8 is the most expensive (by about 50%). Sys-
tem 5 is about in the middle, 15% above System 1 in de-
velopment and qualification costs, and 30% higher in pur-
chase costs per vehicle.

Availability - All systems can be developed in approxi-
mately 21 months. No development span differences exist
among the systems.
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Complexity - Complexity, as related to system selection,
has two connotations:

The extent to which a candidate system affects the
design and operation of other existing Apollo SPS
subsystems;

The inherent complexity of the pressurization system
itself, as determined by the total number of compo-
nents,

The only existing subsystem affected by any of the can-
didate systems is the electrical power supply. It is
estimated that the solenoid valves used will require
power at rates of 0.5 kw for System 1 and 0.75 kw for
Systems 5 and 8. Electrical power is used only during
periods of main engine operation, so the total power re-
quirements are about 0.083 kw-hr for System 1, and 0,125
kw-hr for Systems 5 and 8. Voltage required is 28 vdc
for all three systems,

System 1 has 27 working components, System 5 has 38, and
System 8 has 39. Evaluation of both aspects of complexity,
therefore, indicates that System 1 is the most desirable
with Systems 5 and 8 about equal.

Ground System Requirements - Ground system requirements
are established by a helium loading time, a 10-hr hold
capability, and a minimum change to the present ground
system requirements. The three candidate systems were
compared on the basis of these three requirements. The
following is a summary of the comparison of the three
candidate systems.

Helium Loading Time Requirement - Helium loading time
was estimated for the three candidate systems at two
storage conditions (Table 11). The loading rate for
each case was adjusted to ensure that the allowable
working pressure of the pressure vessel would not be
exceeded. The helium loading time was defined as the
sum of the actual loading time and the time required
to cool the helium and the sphere to the storage con-
ditions. For a 140°R storage temperature and 4000
psia storage pressure, the loading times were about
the same. System 8 had the least time required for
loading and System 1 the most. The difference between
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System 8 and System 1 loading time, however, was
only 3 min. For a 37°R storage temperature and a
2000 psia storage pressure, the helium loading time
for System 5 was greater than the loading times for
Systems 1 and 8. The loading time for System 8 was
only 3 min less than for System 1. On the basis of
this comparison, System 8 has the best loading time
(by a slight amount) for both storage conditions.
The amount of coolant (LN2 of LHQ) required to cool

the helium and helium sphere down to the storage con-
ditions during and after the loading process was also
evaluated. For a 140°R storage temperature and 4000
psia storage pressure, System 8 required 349 1bm of

LN2 less than System 1 and 96 1b less than System 5.
m

For a 37°R storage temperature and a 2000 psia stor-
age pressure, System 5 used less LH2 coolant than

either Systems 1 or 8. System 8 has the more desir-
able helium loading requirements for the 140°R, 4000
psia storage conditions while System 5 is more ad-
vantageous at storage conditions of 37°R and 2000
psia.

10-Hour Hold Capability - The capability of each

candidate system to maintain a given storage condi-
tion for 10 hr was evaluated. The amount of coolant
.(LN2 or LH2) required to maintain the given storage

conditions was calculated for each candidate system.
For a 140°R storage temperature and a 4000 psia stor-
age pressure, System 8 required the least amount of
LN2. System 5 required about 8 1bm more LN2 than

System 8, and System 1 required about 28 1bm more

LN2 than System 8. For storage at 37°R and 2000 psia,
System 5 required the least amount of LHZ.* System

8 required 6 1bm more LH2 than System 5, and System

1 required 25 1bm more LH2 than System 5. For a 10-

hr hold capability, System 8 is more desirable for
140°R storage temperature and 4000 psia storage pres-
sure, and System 5 is more desirable for 37°R stor-
age temperature and 2000 psia storage pressure.

*It was subsequently determined that ground hold capability
could not be provided by LH2 boiloff. See Chapter V.




I11-34

Martin-CR-66-44

Other GSE Requirements - In addition to helium, LN

2’
and LH2 requirements discussed above, System 8 also

requires 98.4 1brn of hydrazine to service the gas

generator propellant tank. This is not a large
amount but it does require an additional ground sup-
ply system that is not needed for Systems 1 and 5.
It is concluded that Systems 1 and 5 have the same
types of ground servicing requirements. System 8
also has the same requirements plus the additional
requirement of a hydrazine supply. The time required
to load the system does not vary significantly --
the minimum being 76 min for System 8 at 37°R and
2000 psia and the maximum being 133 min for System

5 at the same storage conditions.

Storage Time up to Thirty Days - At the conclusion of
detailed design and analysis of the three candidate sys-
tems, each system was subjected to an analytical simula-
tion of a 30-day mission, considering two 30-day mission
profiles. The first considered a mission identical to
the existing 9-day design with the addition of a 2l-day
coast at the end of the fourth burn period (lunar orbit
insertion). This mission profile is referred to as Mis-
sion Plan A. The second, referred to as Mission Plan B,
was a 30-day earth orbital coasting with 507% propellant
mass loaded followed by a single main-engine burn to pro-
pellant depletion. The three systems were subjected to
the analytical simulation of the two 30-day missions to
determine which system was most adaptable to additional
missions. The results of this analytical simulation for
the three candidate systems are discussed below.

Thirty-Day Mission Plan A - The analytical simulation
for Mission Plan A used the identical pressurant stor-
age system configuration as the system designed for
the 9-day mission. The amount of helium loaded and
used was also the same as that required for the 9-
day mission. The primary question that the analytical
simulation answered was whether the pressure in the
helium sphere would exceed the limit operating pres-
sure during the extended fourth coast. Table 12

shows the maximum helium pressures obtained during
Mission Plan A simulation, the helium temperature

at the maximum pressure, the limit operating pres-
sure at maximum conditions minus maximum pressure,
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and the time at which maximum pressure was obtained.
The results show that the maximum pressures obtained
for all three candidate systems at all the storage
pressures and temperatures were considerably lower
than the limit operating pressure for each sphere.
These maximum pressures all occurred at the end of

the first coast. Figure 36 shows the limit operating
pressures as a function of temperature. On the basis
of these results, all three systems are equally adapt-
able to the 30-day Mission Plan A.

Thirty-Day Mission Plan B - The analytical simulation
for Mission Plan B also used the identical pressurant
storage system configuration as the system designed
for the 9-day mission. The helium usage requirement
changed since the propellant loaded was 50% of the
propellant loaded for the 9-day mission. The helium
usage was smaller than that for the 9-day mission.
Due to the decrease in helium usage, the helium loaded
and the storage pressures were also smaller than the
values used in the 9-day mission since identical
sphere volumes were used. Again, the primary ques-
tion that the analytical simulation answered was
whether the pressure in the helium sphere would ex-
ceed the limit operating pressure during the 30-day
coast period. Table 12 shows the results of the an-
alytical simulation for Mission Plan B. The maximum
helium pressures obtained at the end of the 30-day
coast were considerably below the limit operating
pressures for each sphere; therefore, the three can-
didate systems are adaptable to the 30-day Mission
Plan B. System 5 is more desirable than Systems 1
and 8 for a helium storage temperature of 140°R

since the difference between the limit operating
pressure and maximum pressure is greater for System

5 than for either Systems 1 or 8. For a storage tem-
perature of 37°R, System 1 is slightly more desirable
than System 5 since the difference between limit op-
erating and maximum pressures for System 1 is approxi-
mately 65 psi greater than for System 5.
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3. Selection of the Optimum Pressurization System

The pertinent results of the system evaluation effort are sum-
marized in Table 13. Examination of this table reveals that sig-
nificant differences in the three candidate systems are seen in
only three areas -- mass, cost, and complexity (as measured by
total number of components). The criterion of minimum system
mass is definitely in favor of System 5, with Systems 8 and 1
following in that order. The mass savings are 535 lbm for Sys-

tem 5, 426 1bm for System 8, and 370 lbm for System 1, as com-
pared to the calculated optimum mass of 880 1bm for the existing

Apollo system. Component development and qualification costs are
minimum for System 1, System 5 is about 177% higher, and System 8
is about 287 higher than System 1. Hardware costs per vehicle
are again minimum for System 1, with System 5 207% higher, and
System 8 437 higher. System 1 is the least complex by component
count, with Systems 5 and 8 being equal. However, the additional
components required in System 5 are combined in various series/
parallel redundant units that, when related to the important cri-
terion of reliability, impose only a very small penalty on the
system. It is noted that Systems 1 and 5 are compatible with the
present Apollo system reliability, while System 8 is less reli-
able than the present system. It is concluded that the greater
saving in mass afforded by System 5 is more significant than the
small variations found in evaluation of the other criteria.
Martin Company, therefore, selects System 5, with helium pres-
surant stored at 37°R, to fulfill the requirements of an ALPS

for the current Apollo SPS,
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IV. PHASE II RESULTS

A. CASCADE SYSTEM LOADING TESTS, HEAT EXCHANGER TESTS,
AND FEASIBILITY DEMONS TRATION

1. Test System

The test system used for the cascade system loading tests,
heat exchanger tests, and the cascade system feasibility demon-
strations is shown in Fig. 37 and 38. For the purpose of simpli-
fying the description of the test system, the system may be di-
vided into interdependent subsystems, namely, the cascade gas
storage/expansion system and the heat exchanger system.

a. Cascade Gas Storage/Expansion System - This system com-
prised a primary gas storage container, a cascade gas
storage container, and a pressure-regulating system opera-
ting between the two containers.

The cascade storage container, shown in the left center
of Fig. 37, was an uninsulated sphere (24-in. inside
diameter x1.88-in. wall, Type 304 stainless steel) hav-
ing a storage volume of 3.94 cu ft. The cascade storage
container was equipped with the instrumentation listed
in Table 14. The sphere was also equipped with a helium
gas fill valve (CHFV), a vent valve (CVV) and a relief
valve/rupture disc safety package.

The gas discharge line from the cascade storage container
was routed to a pressure regulator that consisted of an
Annin Domotor throttling valve (RV-3) positioned by pneu-
matic signals from a Mason-Neilan pressure controller
(C-3). The function of this system was to regulate the
gas flow from the cascade storage container as required
to maintain the pressure in the primary storage container
at approximately 400 psia. The pressure regulator was
proivided with a command closed feature and a controller
isolation valve to protect the Mason-Neilan controller
from pressures above its allowable working pressure. A
cascade gas flow measurement station was provided between
the outlet of the cascade gas flow regulator and the in-

let of the primary storage container. The flow measurement

system consisted of two turbine-type flowmeters in tandem,
plus the required pressure and temperature instrumentation
for calculating mass flow rate. The instrumentation is
listed in Table 14.
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Gas from the cascade storage/pressure regulating system
was conducted to the primary storage container through ap-
proximately 12 ft of 1/2-in.~-diameter, stainless steel
tubing. The primary helium storage container was a com-
posite of a high-pressure gas storage sphere, a low-pres-
sure liquid hydrogen jacket, and approximately 1 in. (80
layers) of NRC-2 superinsulation around the liquid hydro-
gen jacket. The construction of the primary storage con-
tainer is shown in Fig. 39 thru 41. The container temper-
ature instrumentation locations are shown in Fig. 42.

An existing Titan III transtage sphere of 6A£-4V titanium
(32.32 in. inside diameter by 0.38-in. wall) was used as
the primary helium pressure vessel. The volume of the
sphere was 10.25 cu ft., The liquid hydrogen jacket (Fig.
40) was a sphere made of Type 304 stainless steel, hav-
ing an inside diameter of 38 in. and a wall thickness of
0.078 in.

The primary helium storage container was installed in a
48-in.-diameter vacuum chamber, as shown in the lower left
corner of Fig. 37. A vacuum system, consisting of a 3-
in. roughing pump and a 6-in. diffusion pump, was pro-

vided to maintain the chamber pressure at or below 10-4
mm Hg absolute.

The 1/2-in. cascade gas transfer line was connected to the
top (l-in.) inlet port of the primary sphere. A combina-
tion vertical/horizontal gas temperature rake was inserted
into the primary sphere through the 1-in. inlet tube also.
The 1/2-in. gas outlet tube was routed from the bottom
port of the storage sphere up through the annulus of the
hydrogen jacket to exit coaxially with the jacket vent
tube. The gas outlet tube was routed through a pneu-
matically operated stop valve (HSV) to the inlets of the
two feedline heat exchangers. The gas outlet tubing was
insulated with l-in.-thick fiberglas insulation to pre-
vent excessive heating of the helium gas while en route

to the heat exchanger inlets. A helium loading line was
connected to the outlet line for the purpose of loading
the primary storage container with helium. An admission
valve (PHFV) was provided in the fill line, together with
an orifice to limit loading flow rate to a maximum of 0.1
1b/sec.
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A vacuum-jacketed liquid hydrogen fill line was provided
to transfer liquid hydrogen to the primary storage sphere
from a 1500-gal. mobile dewar. Adapters were provided to
permit filling either the primary gas storage sphere or
its jacket with liquid hydrogen. The primary storage con-
tainer liquid hydrogen jacket was equipped with a thermis-
tor liquid-level indicating system that signaled the opera-
tor's console when the thermistor was immersed in liquid
hydrogen, signifying that the liquid hydrogen jacket was
full. The 1500-gal. liquid hydrogen supply dewar was not
provided with a liquid-level indicating system.

A valved crossover line was provided between the primary
container gas outlet line and the liquid hydrogen jacket

vent, to permit expelling the liquid hydrogen from the
jacket with cold helium.

A vent line was provided to conduct evolved hydrogen gas
from the storage sphere or its jacket to a hydrogen vent
stack. The vent line was equipped with a remotely operated
valve and a hand valve to divert the venting hydrogen gas
to the flow measurement system, as required for the pri-
mary storage container heat leak rate test. The hydrogen
gas flow measurement system consisted of a water-bath gas
heater and a Rockwell positive-displacement (bellows)

type gas meter. The purpose of the water bath was to raise
the temperature of the hydrogen gas to approximately am-
bient to increase the volumetric flow rate to a value con-
sistent with the design rating of the gas meter, and to
decrease the magnitude of the temperature correction to
standard-state conditions. The inlet to the gas meter

was instrumented for gas pressure and temperature,

Propellant Feedline Heat Exchanger System - Two feedline
heat exchangers of identical geometry were installed in
series in a tap water flow system having a flow capability
of 270 gpm. The installation of the heat exchangers is
shown in Fig. 43. The geometry of the heat exchangers is
shown in Fig. 44 and 45. The center body shown was not
included in the configuration at the inception of testing;
however, it was added to alleviate an icing condition on the
tube coil that was discovered early in the test program.
Both of the heat exchangers were equipped with view ports
through which the surfaces of the tube coils were photo-
graphed during test runs.

Iv-3
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The upstream heat exchanger (upper left in Fig. 43) was
designated the high-pressure heat exchanger. Helium gas
at primary container storage conditions was delivered
directly to the heat exchanger gas inlet. The high-pres-
sure, ambient temperature gas from the heat exchanger out-
let was then routed to a pressure regulator consisting of
an Annin Domotor throttling valve controlled by a Mason-
Neilan pressure controller. The function of the pressure-
regulating system was to maintain a constant pressure of
175 psia in the gas flow control/measurement system lo-
cated downstream of the controller. An accumulator (1.5-
cu-ft K-bottle) was connected into the system at the regu-
lator outlet to attenuate the pressure surges produced by
the regulator action.

The flow control/measurement system consisted of two tur-
bine flowmeters in tandem (for increased data reliability),
and a flow control orifice placed downstream of the flow
measurement station. The orifice was sized to flow 0.058
lb/sec of helium at inlet conditions of 175 psia and 500°R
A small vernier valve was provided in parallel with the
orifice to trim the flow to the desired value, The gas
exhausting from the system was conducted through a stop
valve (0SV) to the facility helium recovery system,

The downstream heat exchanger was designated the low-
pressure heat exchanger. A regulator/controller system,
identical to that described for the high-pressure heat ex-
changer, was provided in the gas supply line from the pri-
mary storage container. The pressure controller was set
to maintain 175 psia at the flow measurement/control sta-
tion in the heat exchanger gas outlet line. A 1.5-cu ft
K-bottle accumulator was connected into the gas supply
line between the regulator outlet and the heat exchanger
inlet, servicing the same purpose as previously described
for the high-pressure heat exchanger control. The flow
measurement and control section in the heat exchanger gas
outlet line duplicated that described for the high-pressure
heat exchanger.

Instrumentation was provided on both heat exchangers to
acquire data on helium and water mass flow rates and pres-
sure and temperature differentials for both the water and
gas circuits. The instrumentation functions are listed

in Table 15.
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2. Test Procedures

The cascade feasibility demonstration and heat exchanger test
program consisted of the following tests:

1) Primary container heat leakage rate;
2) Nine-day mission abort sequence;
3) 90-day mission abort sequence;

4) Nine-day design mission.

The test procedures for each of these tests are described in this
subsection.

a.

Primary Container Heat Leak Determination - This initial
phase of the program was a determination of the heating
rate of the primary storage sphere, combined with an im-
mersion calibration of the gas temperature instrumentation.

With the vacuum chamber pressure at approximately 10“5 mm

Hg, the primary storage sphere was first filled with
liquid nitrogen to obtain an end-to-end calibration of the
thermocouple and thermistor data acquisition system at the
equilibrium liquid nitrogen boiling condition. The lig-
uid nitrogen was then expelled with helium gas until the
sphere wall and gas temperatures indicated that no liquid
nitrogen remained in the system.

Following the liquid nitrogen draining, the primary sphere
was filled with liquid hydrogen. When the insulation
temperatures indicated attainment of equilibrium condi-
tions, the immersed gas temperature instrumentation was
calibrated. At this time the liquid hydrogen supply to
the primary container was shut off, and the evolving hy-
drogen gas was routed through the flow measurement system,
Flow measurement data and temperatures of the storage
sphere and insulation were then recorded at 30-min. inter-
vals for approximately 12 hr. The pressure in the vacuum

chamber was between 10-4 and 10-5,mm HG during the meas-

urement period. The rates of liquid hydrogen mass boil-
off were used to calculate the heat leakage rate. Four

heat leakage rate runs were made, the first two of which
were invalidated by bypass leakage of gas through a per-

forated burst disc in the H2 vent system.

IV-5
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Nine-Day Mission Abort Sequence - Prior to conducting this
first section of the cascade feasibility and heat exchanger
test program, the test fixture was exercised with ambient
temperature helium to set the heat exchanger pressure regu-
lators under dynamic conditions, and also to trim the gas
flow control orifice verniers for the desired flow rate.

In addition, the low-pressure heat exchanger shell pres-
sure drop was determined over a range of water flow rates,
with the gas tubing coil removed.

The nine-day mission abort sequence was preceded by a
helium loading operation. The primary storage container
was first pressurized to approximately 140 psig with am-
bient temperature helium to prevent possible leakage of
air into the system during liquid hydrogen jacket filling.
The primary container jacket was then filled, during which
time the helium pressure in the storage container decayed
to approximately atmospheric pressure. The supply pres-
sure to the primary container helium fill valve (PHFV) was
then set at 800 to 1000 psig. Helium fill was initiated
by opening PHFV and leaving it open (orificed for 0.1 1b/
sec maximum flow rate) until the liquid hydrogen liquid-
level light extinguished, indicating that the full-jacket
condition was not being maintained, or until the jacket
pressure increased to within 10 psi of the liquid hydrogen
supply pressure. The PHFV was opened and closed as re-
quired to load helium as rapidly as the above liquid-level
and jacket-pressure constraints would permit. After ap-
proximately 35 min, the rate of acceptance of the primary
sphere had attenuated to the point where PHFV was left
open and the helium £fill proceeded at a constant pressure
of 800 to 1000 psig. The jacket was maintained in a filled
condition (intermittent level indicator light) by a con-
stant makeup flow of liquid hydrogen. Helium loading was
continued until the terminal gas temperature of 36°R was
reached.

The cascade storage container was pressurized to the de-
sired loading condition (3500 to 4500 psig, 510°R) at a
convenient time during the primary container loading per-
iod. When the primary container terminal conditions were
reached the helium and liquid hydrogen fill valves were
closed, thus completing the loading procedure. The liquid
hydrogen supply dewar was weighed on a platform scale (+ 10
1b) before and after loading, to obtain the liquid hydro-
gen usage for the loading. An alternative method of top-
ping the liquid hydrogen jacket was developed in the latter
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part of the test program, which resulted in a significant
reduction in liquid hydrogen usage. This method maintained
the liquid hydrogen level even with the top of the storage
sphere by monitoring the top jacket wall and sphere wall
thermocouples for evidence of intermittent immersion.
Maintenance of a gas space in the top of the jacket is
believed to have significantly reduced carry-over of liq-
uid into the vent, without adversely affecting helium
loading time,

The nine-day mission abort sequence was initiated by empty-
ing the liquid hydrogen from the jacket of the primary stor-
age container. This was accomplished by opening the liq-

uid hydrogen fill line bypass valve (BPV) to the H2 vent

stack and displacing the liquid hydrogen out of the jacket
by bleeding 36°R helium gas from the storage sphere into
the jacket with the jacket vent valve (VV) closed. The
amount of helium bled from the primary container was ap-
proximately 0.5% of the mass loaded. The liquid hydrogen
displaced from the jacket was back-flowed through the
liquid hydrogen fill line, and discharged through BPV to
boil off en route to the H2 vent stack. The use of 36°R

helium to pressure drain the jacket caused no significant
perturbation to the stabilized jacket, sphere, and gas
temperatures,

The nine-day mission abort sequence was run by first es-
tablishing rated water flow through the heat exchangers,
then opening the gas outflow stop valves (0SV) to initiate
a continuous 590-sec gas flow. When the pressure in the
primary storage container reached approximately 500 psig,
the cascade pressure regulating system was armed to admit
pneumatic operating pressure to the regulator valve (RV-3)
and to open the C-3 controller sensing line to the cascade
gas transfer line. When the primary storage container

had decayed to approximately 400 psia (the set-point for
the cascade pressure-regulating system), the regulator
opened to initiate cascading operation. At the end of

the desired 590-sec burn time, the OSV valves were closed
to terminate gas outflow. Continuous data recordings of
the functions listed in Tables 14 and 15 were made during
the burn.
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The procedure of initiating water flow through the heat
exchangers prior to gas flow was used because the start
transient of the water flow system could not be suffici-
ently predicted to ensure that full water flow would be
established in time to prevent a rapid icing condition

on the heat exchanger tube coils. The icing condition
was shown to cause abnormally low gas temperatures at the
heat exchanger gas outlets and, consequently, also at the
downstream gas flow control orifice. This condition
caused a significant increase in the gas mass flow rate
through the system. This condition was considered unac-
ceptable to the performance of a valid cascade system
demonstration; therefore, full water flow was verified
prior to initiation of gas flow to ensure that the de-
sign gas flow rate would be maintained throughtout the
burn.

90-Day Mission Abort Sequence - The 90-day mission abort
sequence was conducted using the same procedure as that de-
scribed for the 9-day mission abort sequence, with the
exception that the liquid hydrogen jacket was not drained
prior to the run.

Nine-Day Design Mission - The nine-day design mission was
preceded by a loading sequence as described for the nine-
day mission abort sequence. The completion of the load-
ing sequence was designated T = 0 hours for the nine-day
design mission, with the primary storage container loaded
to design conditions (approximately 875 psig and 35°R)
and the cascade container loaded to near-design loading.
The mission then proceeded according to the following
schedule,

Elapsed Time (hr) Event

0.0 Start mission (coast)

9.6 Burn for 13.0 sec
17.2 Burn for 13.0 sec
24.8 Burn for 13.0 sec
32.5 Burn for 390.2 sec
34.2 Burn for 20.2 sec
53.6 Burn for 10.2 sec
56.3 Burn for 121.0 sec
68.0 Burn for 3.2 sec
79.6 Burn for 3.2 sec
91.2 Burn for 3.2 sec
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This mission duty cycle was based on coast times that were
calculated to permit the same amount of primary container
gas heating as that predicted for the nine-day design mis-
sion with a flight-configuration primary container. Since
the test primary container heat leakage rate was approxi-
mately 2.4 times greater than the flight container value,
the durations of the coast periods were proportionately
shorter.

The procedure for conducting coasts was to calibrate and
run the data recorders once each hour. The recorders were
run for a period of approximately 30 sec each time, after
which the recorders were turned off. All data acquisition
channels remained activated to eliminate the possibility
of warmup drift,

During coast periods, the cascade and primary containers

were locked off by closing the RV-3 regulator and HSV valves,

respectively, to prevent possible tubing system leaks from
invalidating the desired constant stored mass condition.
Prior to each burn, the gas outflow system downstream of
the HSV primary container outlet stop valve was pressurized
with ambient-temperature helium to a level equal to the
primary container. Immediately before starting the burn,
the PHFV system pressurization valve was closed, and the
HSV was opened to place the primary container on the line
with the outflow system.

The burns (gas outflow) were initiated by opening the out-
flow stop valves (0SV). The burns were terminated by clos-
ing the HSV valve at the primary container gas outlet. The
OSV valves were closed prior to the outflow system pre-
pressurization procedure described above.

Two significant procedural changes were made for nine-day
mission Run 2, based on fixture performance observed dur-
ing Run 1. During Run 1, it was noted that the relatively
slow response of the cascade pressure regulator (RV-3) at
burn termination was permitting a significant flow of cas-
cade container gas into the Primary container after the gas
flow out of the primary container had been terminated. 1In
addition, during some of the shorter burns, the expected
cascading operation did not occur because of the hysteresis
(deadband) and response time of the cascade container out-
let pressure regulating system. To alleviate the low re-
sponse effects, a shutoff valve (CSV) was installed in the
cascade container outlet line, immediately upstream of the
regulator valve, as shown in Fig. 38. This modification
was made prior to nine-day mission Run 2.

Iv-9
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The CSV was used in two ways to improve fixture performance.
First, it was used to shut off cascade flow sharply at the
same time that primary flow was shut off (simultaneous clos-
ure of CSV and HSV), Second, prior to the short burns (8
and 9, lasting 3.2 sec) that required cascading, the CSV

was first opened momentarily to provide cascade gas flow
until the primary gas pressure increased to a value slightly
above the cascade pressure regulator setting. With the CSV
closed, the regulator valve (RV-3) subsequently closed under
a zero cascade flow condition. The short burn was then con-
ducted with no cascade flow, since the cascading operation
had been conducted separately just prior to the burn. Dur-
ing the performance of both nine-day mission runs, full flow
of water was verified through the heat exchangers prior to
initiation of gas flow, for the reasons given under proce-
dures for the nine-day mission abort sequence. In addition
as an extra precaution against the adverse conditions caused
by heat exchanger icing, the maximum available water flow
rate of 240 to 260 gpm was used instead of the design flow
rate of 115 gpm.

3. Analysis and Evaluation of Results

Pretest and posttest analyses were conducted during the feasi-
bility demonstration of the cascade pressurization system concept.
The purpose of the analyses was to evaluate the analytical models
and techniques used in Phase I. The pretest and posttest method
of analysis is described for the pressurant loading demonstration,
heat exchanger demonstration and pressurant storage, and expansion
concept demonstration. Evaluation and comparison of the test re-

sults and analytical results were made and are discussed in this
subsection,

a. Pressurant Loading Demonstration - The primary tank pres-
surant loading procedure was demonstrated prior to and in
conjunction with the pressurant storage feasibility tests,
The helium loading procedure established the time required
to load the test pressurant storage container. This time

included the time required to accomplish the following func-
tions:

1) Precooling the system;

2) Loading the required mass of pressurant to the speci-
fied conditions.
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Pretest and posttest analyses were conducted to determine
the loading accuracy and the accuracy of the analytical
model used to establish the recommended loading procedure
in the liquid hydrogen range. These pretest and posttest
analyses and an evaluation and comparison of the test re-
sults are discussed in the following paragraphs.

Pretest Analysis - The helium loading pretest analysis was
conducted for the as-designed test system. The anticipated
initial conditions in the primary container were 500°F and ,
12 psia for the helium temperature and pressure, respectively. .
The final loaded condition for this analysis was 37°R and 816

psia for the helium temperature and pressure, respectively,

and a helium loaded mass of 68.3 lbm. The helium supply tem-

perature and pressure of 500°R and 1500 psia was assumed for
this analysis. The ambient temperature was anticipated to be
500°R. This analysis involved calculating the time required
for sphere and jacket chill down and for loading helium to the
specified initial conditions.

The sphere and jacket chilldown analysis assumed a maximum
liquid hydrogen usage, i.e., the heat extracted from the
sphere and jacket went only into boiloff of hydrogen with
no sensible heat going into gaseous hydrogen. The assump-
tion was made because of the relatively high maximum liquid
hydrogen flow rate of 0.3 U%n/sec. This maximum flow rate

was calculated as the maximum hydrogen flow rate through
the vent system and at a maximum allowable jacket pressure
of 40 psia. The required chilldown time was determined by
calculating the total mass of the primary tank assembly and
then calculating the mass of liquid hydrogen required to
reduce the temperature of this mass from ambient to 37°R,
The required mass of liquid hydrogen was then divided by
the maximum liquid hydrogen mass flow rate of 0.3 Hﬂn/sec.

An IBM 7094 computer program* was used to conduct the helium
loading pretest analysis. This analysis assumed that the
system chilldown had been completed., The helium loading
pretest analysis established a helium loading rate for the
test system. The helium loading rate was established by
analyzing the loading operation at several helium flow rates
and then determining which flow rate gave the most desirable
loading performance. Evaluation of the loading performance
centered about the following three parameters:

*Martin-CR-66-39, op. cit.
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1) Maximum helium temperature obtained during the loading
operation;

2) The time required for loading;

3) The total liquid hydrogen boiloff during loading.

Posttest Analysis - An adequate posttest analysis to re-
calculate the system chilldown could not be performed.
This analysis was not conducted because instrumentation
was not available to monitor the liquid hydrogen mass flow
rates during the liquid hydrogen fill operations. These
actual liquid hydrogen mass flow rates were necessary to
calculate a system chilldown time. Therefore the precool
pretest analysis was used in comparison with test results.

The helium loading posttest analysis was conducted using
the loading computer program, and the following were used

as input parameters:

1) The helium temperature and pressure were 500°R and
12 psia, respectively, prior to the start of chilldown;

2) The helium mass loading rate was 0.1 lbm sec;
3) The regulator setting was 875 psia;

4) The regulator tolerance was + 20 psi;

5) The loaded helium mass was 74.5 lbm;
6) Final temperature tolerance was +0.5°R;

7) Liquid hydrogen temperature was 35°R;

8) Helium supply temperature was 500°R:

9) Ambient temperature was 500°R,

The loading procedure followed in the posttest analysis
used a constant helium loading rate. The analysis also
assumed that the heat extracted from the loaded helium
went directly into vaporization of the liquid hydrogen.
It was assumed that the liquid hydrogen jacket was always
full and that both the liquid hydrogen and container wall

were at a constant temperature of 35°R., At the start of
the loading operation, helium was loaded at a constant rate
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until the helium pressure reached the upper limit of the
pressure regulator setting. Helium flow was then stopped,
and the pressure was allowed to decrease to the lower limit
of the regulator setting. This loading process continued
until the required amount of helium was loaded into the
container. When the required helium loaded mass was ob-
tained, the helium temperature was allowed to decrease
until it was within the temperature tolerance set for the
required final helium temperature (35.5°R). At this point
the loading operation was considered to be complete.

Evaluation and Comparison of Results - In pretest analysis,
the time required for system chilldown was calculated to
be approximately 5 min, and the predicted liquid hydrogen
usage (liquid hydrogen boiled off) was 63 1bm. This cal-

culated time was for a maximum liquid hydrogen flow rate
of 0.3 lbm//sec and would therefore give a minimum time re-

quired for system chilldown.

The results of the helium loading analysis are presented

in a plot of the three parameters discussed above as a
function of helium loading rate. The analysis was con-
ducted for four helium loading rates -- 0.30, 0.20, 0.15,
and 0.10 1bm//sec. The loading rates were selected because

the values would keep helium temperatures below 1000°R and
still obtain a reasonable loading time. These results are
presented in Fig. 46, thru 48. After examination of these
results, the most desirable loading rate was determined to
be 0.10 lbm//sec. This loading rate resulted in the lowest

maximum temperature and liquid hydrogen usage. However,
the loading time is only 9.5% greater than the loading time
at a loading rate of 0.30 lbm//sec.

The system chilldown times measured during four tests are
shown in Table 16. The times measured in the last three
tests listed in Table 16 show good agreement. These three
times were approximately four times larger than the chill-
down time of 5 min calculated in the pretest analysis,
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The times required to load helium to liquid hydrogen temper -
atures are shown in Table 17 for the pretest analysis, posttest
analysis, and also four test runs. This table also shows the
final loaded conditions for each loading run. It was necessary
to conduct only one posttest analysis for comparison with the
four test data points. The reason for this is the similarity
of initial conditions for the test runs.

The analytical results of the pretest and posttest analyses were
not consistent. The posttest analysis calculated a shorter load-
ing time than the pretest analysis even though more mass was
loaded. This time difference was probably due to the higher
loaded pressure obtained and the large pressure regulator tol-
erance. There were also inconsistencies observed in the test
results. It was possible that the inconsistencies could be at-
tributed to human factor deviations resulting from the loading
procedure that was followed (see Subsection 2). The results of
the posttest analysis, Run 2, did not agree with either of the
nine- or 90-day mission abort test Run 1. It was possible that
the disagreement was due to the large pressure regulator toler-
ance used in the analytical simulation.

A comparison of analytical and test values of liquid hydro-
gen usage for primary tank loading is shown in Table 18.
The values included the hydrogen used for system chilldown
as well as that used for loading the helium. Only two
points were analyzed, because the loaded conditions for all
the runs were very close to one or the other of those two
conditions. There is considerable difference in predicted
and actual values of hydrogen usage. This difference was
expected, due to the nature of the mathematical model used
and the fact that the loading process was completely man-
ually controlled. The mathematical model considered only
the hydrogen usage due to cooling the helium and heat leak
into the primary tank; the effects of heat leak into the
liquid hydrogen transfer line and liquid loss through the
vent line were excluded from the calculations. It is sig-
nificant that the hydrogen usage for the two nine-day mis-
sion runs was approximately half of the usage for the pre-
vious runs. This was due to the variation in loading proce-
dure discussed in Subsection 2.b. An automatic loading
process could probably be more repeatable and also more
efficient,
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Loading Accuracy at Liquid Hydrogen Temperature - An evalu-
ation of the accuracy with which a specified mass of helium
can be loaded into the primary tank at liquid hydrogen tem-
perature was performed.

Figure 49 illustrates the mass of helium in the primary stor-
age container as a function of temperature and pressure. The
Apollo SPS design loading of 68.3 lbm was established as the

desired primary tank load for the feasibility test program.
The loaded helium should attain an equilibrium temperature
equal to the boiling point of hydrogen, which was 35.0 to
35.1°R at the Denver test site; the atmospheric pressure
during all loading exercises was 11.75+0.1 psia. This would
indicate that the initial primary tank pressure should be

760 psia. Prior to testing, the effect of temperature strati-
fication within the liquid hydrogen (and in the helium) on

the accuracy of attaining a uniform equilibrium temperature
was unknown. It was, therefore, necessary to consider a
temperature tolerance in the selection of the initial helium
pressure. A tolerance of 4°R was considered reasonable for
these tests, since there was only one thermistor measuring tem-
perature to * 1°R and the nine thermocouples throughout the
tank were accurate to only + 5°R. Considering an initial max-
imum possible temperature of 39°R, a pressure of 875 psia was
established to ensure a minimum initial helium mass of 68.3
lbm in the primary tank. 1In observing Figure 49, it is noted

that if the tank is accurately loaded at « uniform equilibrium
temperature of 35°R and a pressure of 875 psia, it will con-
tain 74.5 lbm of helium.

In studying the reduced data from the primary tank thermo-
couple array, no indications of stratification were observed
at the loaded condition for any of the six test runs. There-
fore, the helium temperature indicated by the centrally lo-
cated thermistor -- the most accurate temperature sensor in
the primary tank at + 1°R -- was in fact representative of
the entire helium mass in the tank. Table 19 summarizes the
measured primary tank loaded conditions for each test run.
The mass loaded was referenced to 74.5 lbm to obtain the

L
loading inaccuracy. Note that the temperature tolerance is

given as f 6 rather than t L this reflects the fact that the
actual helium temperatures could not have been below the hy -
drogen boiling point of 35°R, since the hydrogen jacket was
vented to the atmosphere. Therefore, the thermistor must
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have, at all times, operated in the lower half of its tol-
erance band. The columns designated as nominal in Table 19
illustrate the loaded mass and loading inaccuracy as derived
from the measured temperature and pressure values, disregard-~
ing the instrumentation tolerances. The upper and lower lim-
its for helium mass loaded were then calculated, considering
the possible temperature and pressure extremes as dictated

by the tolerances. The minimum temperature considered was
35.0°R, which was the minimum possible hydrogen boiling point
encountered during testing. The loading inaccuracies which
included instrumentation tolerances were determined by com-
paring the maximum deviation of helium mass loaded to the
reference value of 74.5 lbm. The average inaccuracy values

were calculated as the arithmetic mean of the absoclute val-
ues for each run.

It is noted that the initial pressures were 10 to 42 psia
greater than the desired value of 875 psia. Inability to
establish the initial pressure more closely to the speci-
fied value was due to the relatively insensitive direct
readout provided. The primary tank pressure signal was set
up on a multichannel Sanborn Recorder, with a sensitivity of
40 psia per mm of stylus deflection. Provision of a more
sensitive direct pressure readout capability will permit the
initial tank pressure to be established more accurately, and
will therefore result in better overall loading accuracies.
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b. Heat Exchanger Performance - Heat exchanger tests were con-

ducted in conjunction with the cascade system feasibility
tests to determine:

1) Heat exchanger performance characteristics at liquid
hydrogen temperature;

2) The extent of propellant freezing;

3) The accuracy of the pressure drop and thermal analyses

on both the pressurant and propellant side of the heat
exchanger.

These tests were conducted with one heat exchanger located
upstream and another heat exchanger located downstream of
the pressure regulation equipment. Demineralized water

was used to simulate the propellant during these tests,
Pretest and posttest analyses were conducted to determine
the accuracy of the analytical techniques used in Phase I
at the liquid hydrogen temperature region. These pre-

and post-test analyses are discussed in the following para-
graphs together with an evaluation and comparison of the
test results,

Heat Exchanger Pretest Analysis - This analysis was con-
ducted to predict the performance of two high and low-
pressure test heat exchangers. The two heat exchanger con-
figurations are identical. Each configuration consists of
a 19.5-ft-long coiled tube (0.5-in. outside diameter by
0.049-in., 304 stainless steel). The mean coil diameter is
4.75 in., and the shell inside diameter is 6.357 in.

An IBM 7094 computer program* was used to conduct the pre-
test analysis. The performance of both high and low-pres-
sure heat exchangers was evaluated at a constant helium in-
let temperature of 37°R. The inlet temperature of the de-
mineralized water was assumed to be constant at 500°R for
both high- and low-pressure heat exchangers. The mass flow
rate of the water was 16 1bnl/sec, and the helium mass flow

rate was constant at 0.0579 1bm/§ec. The performance of

the low-pressure heat exchanger was evaluated for an exit
pressure heat exchanger was evaluated for an exit pressure

of 175 psia. The high-pressure heat exchanger performance
was evaluated for helium inlet pressures of 400 psia to

1200 psia. This pressure range corresponds to the operat-

ing pressure region that was predicted for the primary sphere.

*Martin-CR-66-39, op. cit.
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Heat Exchanger Posttest Analysis - This analysis was con-
ducted to simulate the performance of the high- and low-
pressure test heat exchangers during three of the test mis-
sion profiles. The three test mission profiles were the
nine-day abort, test Runs 1 and 2, and 90-day abort, test
Run 2. The 90-day abort test Run 1 was not simulated due
to incomplete test data.

The heat exchanger tests were simulated by using the test
data as input parameters to the analytical model. The fol-
lowing test data were used as input parameters:

Helium inlet temperature;

Helium mass flow rate;

Helium exit pressure;

Water inlet temperature;

Water mass flow rate.
The test heat exchanger configuration was also a program
input. The following parameters were calculated by the
computer program:

Helium outlet temperature;

Helium pressure drop;

Water outlet temperature;

Water pressure drop.
These calculated parameters were then compared with the
corresponding test data parameters as a function of mis-
sion time for both high- and low-pressure heat exchangers
and for each of the three abort missions.
Evaluation and Comparison of Results - The results of the
pretest analysis for both high- and low-pressure heat ex-
changers are shown in Fig. 50, 51, and 52. A comparison
of the results of the pretest analysis and the test results
could not be made since some of the anticipated heat ex-
changer inlet conditions were not of the same magnitude as

the actual test inlet conditions. The actual helium inlet
temperatures ranged from 100 to 230°R during most of the
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tests, as compared to the assumed helium inlet temperature
of 37°R. This difference was due to the helium warming
after leaving the primary container and before entering the
heat exchanger. The actual water mass flow rate ranged from
33.92 to 36.43 lbnl/sec as compared to the assumed water

mass flow rate of 16 lbn]/sec. The water mass flow rate was

increased from the anticipated value to the actual value to
reduce or eliminate the freezing problem that was encountered
during the initial test runs. The actual water inlet tem-
perature ranged from 509 to 513°R compared with the antici-
pated inlet temperature of 500°R. The anticipated helium
mass flow rate was 0.0579 lhn/sec. The actual helium mass

flow rates ranged from 0.0557 to 0.0646 lbm/sec.

The results of both high- and low-pressure heat exchanger
tests and posttest analyses are presented in Fig. 53a, 53b,
54a, 54b, 55a, 55b, 56a, 56b, 57a, 57b, 58a, and 58b for
each of the three test missions. These figures show plots
of the calculated and test values for helium outlet tempera-
ture, helium pressure drop, and water pressure drop. The
water outlet temperatures were not plotted since there was
less than 0.5°R deviation during the entire test mission,
Instead the arithmetic average for both the calculated and
test values are given. The helium outlet pressures and in-
let temperatures are also plotted as a function of test mis~-
sion time.

The deviation between the calculated and test values for
helium outlet temperatures varied. Initially the devia-
tions were small and then increased with time for all the
high- and low-pressure heat exchanger tests. The cal-
culated helium outlet temperatures were in every case nearly
constant whereas the test helium outlet temperatures de-
creased with time in every test run. This decrease was due
to the heat exchanger localized freezing. The heat exchanger
freezing was verified by films taken during each test, 1In
general the comparison between the calculated and test helium
outlet temperatures was favorable considering that the com-
puter program cannot simulate the freezing that occurred
during the tests,

The calculated and test helium pressure drop results did

not compare as favorably as the helium outlet temperature
comparison. The deviation between the calculated and test
pressure drop values was large and inconsistent for every
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test run except one -- the low-pressure heat exchanger for
90-day mission abort Run 2. In general the actual helium
pressure drop was less than the analysis predicted. The
inaccuracy of the helium pressure drop calculation could
be due to the analytical techniques used in the heat ex-
changer computer program. The computer program calculates
the helium pressure drop at the mean helium conditions,
i.e., the log mean helium temperature and average pressure
of the inlet and outlet conditions. A more accurate tech-
nique would be to divide the heat exchanger into small seg-
ments and calculate the pressure drop across each segment
and sum these pressure drop values over the total length
of the heat exchanger.

The results of the calculated and test values for the water
outlet temperatures compared very favorably. The average
water outlet temperatures were used for the comparison since
both the calculated and test water outlet temperatures were
approximately constant throughout each test run. In all
cases the water temperature drop, both calculated and test
values, was never greater than 1°R, and the deviation be-
tween the calculated and test values was very small.

The deviation between the calculated and test water pres-
sure drop was very consistent in all test cases. The test
water pressure drop was approximately 10 psid, and the cal-
culated pressure drop was approximately 2.5 psi below the
test values. The computer program considered water pres-
sure drop due to the shell inlet and outlet and the heat
exchanger coils. The model did not account for the heat
exchanger center body that was located inside the heat ex-
changer coil to reduce the heat exchanger freezing (see
Subsection 1), Figure 59 illustrates the results of water
flow tests performed on one heat exchanger, and shows that
approximately 1 to 1.2 psi pressure drop was due to the heat
exchanger center body. By subtracting this amount from the
test water pressure drop values, the comparison between the
calculated and test results becomes more favorable. It is
noted in Fig. 59 that three of the data points for the heat
exchanger without the center body fall slightly below those
for the shell-only configuration. This discrepancy is due
to normal scatter of the test data and illustrates that the
helium coil has insignificant effect on the liquid side
pressure drop.

Pressurant Storage and Expansion Concept Demonstration -
Tests were conducted to demonstrate the feasibility of the
cascade pressurant storage and expulsion concept. These
tests were conducted for the following simulated mission
duty cycles:
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The nominal nine-day mission duty cycle;

The nine-day mission abort operation (continuous 590-
sec burn);

The 90-day mission abort operation (continuous 590-
sec burn with full liquid hydrogen jacket.)

The tests were conducted with a preprototype system, and the
mission duty cycle was so simulated that the total amount

of heat transferred to the primary storage container dur-
ing the simulated coast periods was equal to the predicted
heat transfer during the actual coast periods. The burn
periods were simulated in real time. Pretest and posttest
analyses were conducted to determine the accuracy of the
analytical techniques and models used in Phase I. An evalu-
ation and comparison of the analytical results with the

test results was conducted to establish the following:

Cascade helium usage;
Primary and cascade helium residuals;

Helium pressure and temperature histories for both the
primary and cascade containers;

Temperature histories for both the primary and cascade
storage containers,

Prior to initiation of feasibility tests, the actual heat
leak into the primary storage container was determined. The
method of measurement was discussed in Subsections 1 and 2.
Two test runs were performed, resulting in heat leak rates
of 31 and 32 Btu/hr. These two figures were averaged to
31.5 Btu/hr for the measured rate. This compares favorably
with a pretest calculated rate of 27 Btu/hr. Using the
value of 31.5 Btu/hr for the primary tank heat leak, the
effective thermal conductivity of the installed NRC-2 super-

insulation was analytically deduced to be 1.12 x 10_4 Btu/
hr-ft-°R.

This subsection describes pertinent analysis and evaluation
of remaining test results.

Iv-21
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Pretest Analysis - The pretest analysis consisted of simu-
lating the helium expansion processes of both the primary
and cascade storage containers for the nine-day abort, 90-
day abort, and nine-day design missions. This analysis was
performed for a primary container heat leak of 31.5 Btu/hr,
which corresponds to the average of the heat leak rates,

31 and 32 Btu/hr, that were measured in the heat leak cali-
bration tests for the actual test system configuration. The
initial helium temperature and pressure in the primary con-
tainer were 35°R and 875 psia, respectively, for the three
missions. The helium loaded mass was calculated to be 74.5
lbm for the initial conditions and test sphere volume. The

initial helium temperature corresponds to the saturation
temperature for liquid hydrogen at Denver ambient pressure.
The initial helium pressure was the pressure in the primary
sphere for the minimum allowable helium loaded mass of 68.3
lbm and a temperature of 39°R. This initial pressure allowed

for a 4°R uncertainty in the helium temperature measurements
with assurance of attaining the minimum allowable helium
loaded mass. The initial helium temperature and pressure

in the cascade container were 520°R (anticipated ambient
temperature) and 4354 psia, respectively, for the three
missions. The cascade helium loaded mass was calculated to
be 10.45 lbm for the initial conditions and cascade test

sphere volume. The initial pressure corresponds to the pres-
sure obtained from an adiabatic wall expansion in the cas-
cade container to a minimum pressure of 450 psia and for a
helium-expelled mass of 9.25 1bm. This helium-expelled mass

corresponds to the helium usage obtained for a nine-day
mission abort with the primary container at 37°R and 816
psia initial conditions and a heat leak of 27 Btu/hr. The
27 Btu/hr heat leak was the initial predicted heat leak for
the test system configuration. The pretest analysis for
each mission is discussed in the following paragraphs.

Nine-Day Mission Abort - The abort operation for the nine-
day design mission was simulated by a single 590.2-sec
helium expansion from the primary container, commencing

with an empty liquid hydrogen jacket. This simulation

also used a minimum primary container pressure of 400 psia
and assumed a cascade helium entering temperature of 450°R,
The primary helium mass flow rate was 0.1157 lbm sec. This

helium mass flow rate was considered constant and was deter-
mined by dividing the minimum allowable helium loaded mass
by the helium outflow time of 590.2 sec. The Primary con-
tainer expansion process was simulated by using the cascade
pressurization computer program.
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After reviewing the results of the primary sphere pretest
analysis, the cascade pretest analysis was initiated. The
cascade container expansion for the nine-day mission abort
was simulated by a single 437.2-sec adiabatic expansion.
This adiabatic expansion began at the initial conditions
previously discussed. The cascade helium flow rate was as-
sumed to be constant at 0.0153 1En/sec. This flow rate

was calculated by dividing the cascade helium usage by the
total helium outflow time both of which were determined in
the primary container pretest analysis. An adiabatic wall
expansion was assumed in this pretest analysis. This ex-
pansion process was simulated by using the helium expan-
sion computer program*,

90-Day Mission Abort - The abort operation for the 90-day
lunar polar orbit mission was simulated by a single 590.2-
sec expansion from the primary container commencing with a
full liquid hydrogen jacket. The initial conditions in the
primary tank were identical to the nine-day mission abort.
The helium mass flow rate and cascade helium entering tem-

perature were also the same values used in the nine-day
mission abort.

To simulate this mission with the existing cascade pres-
surization computer program, two types of helium expansion
processes were assumed. The first expansion process was
for an isothermal wall at liquid hydrogen temperature.

The second expansion process was adiabatic with respect to
the helium. The mission was simulated for both assumed ex-
pansion processes, and the results were compared. For the
first and second assumed expansion process, the cascade
helium usage was 9.25 1bm and 16.02 1bm, respectively., Be-

cause of this large variation in helium usage, a great de-
gree of uncertainty existed as to which of the assumed ex-
pansion processes best simulated the actual process, and

the possibility of obtaining a significant error with either
assumption, or both was greatly increased.

To simulate the actual expansion process more accurately,
it became necessary to investigaté the heat transfer be-
tween the sphere wall and the liquid hydrogen. After re-
viewing several technical publications dealing with heat
transfer to boiling liquid, an empirical equation that de-
scribed the nucleate pool boiling phenomena was selectedt.

*Martin-CR-66-39. op. cit.
tE. G. Brentari, P. J. Giarranano, and R. V. Smith: Boiling
Heat Transfer for Oxygen, Nitrogen, Hydrogen, and Helium. National

Bureau of Standards Technical Note 317. U.S. Government Printing
Office, Washington, D.C., 1965.
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This equation described the nucleate pool boiling heat trans-
fer coefficient as:

1.28 1.75
) -10| Cp)e b (5 )(0p) — (B wony LS
Bgge = 8-04 x 10 o ( 0.906)( )0.626 ’
\Y of o
)/
where
hNuc = nucleate pool boiling heat transfer coefficient

(watts /cm2 °K);

(C ) = liquid specific heat capacity at constant pressure
p/4 . °
(joules/g °K);

A = latent heat of vaporization at saturation (joules/
g);
_ . // 3)
Py = vapor density (g cm J/;
p£ = liquid density (g,/ém3);
kg = liquid thermal conductivity (watts/cm °K);
P = pressure of the boiling system (dyneS//cmz);
o = surface tension between the liquid and its own

vapor, evaluated at T (dynes/cm);

iy = Newtonian viscosity of the liquid (g/cm-sec);

AT = temperature difference between wall and liquid (°K).

This equation was programed into the existing cascade pres-
surization computer program. The computer program was also
modified to calculate inside and outside wall temperatures
whenever the jacket was full of liquid hydrogen. This change
became necessary because of the high temperature gradient

that exists across the sphere wall, during the 90-day mis-
sion abort.
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The cascade container pretest analysis was initiated after
completion of the primary container pretest analysis. Again
it was assumed that the expansion was adiabatic with re-
spect to the sphere wall., The initial conditions were the
same as the cascade container conditions used in the nine-
day abort. From the results of the primary container pre-
test analysis, the cascade helium outflow time was deter-
mined to be 425.2 sec and the helium mass flow rate was
0.0179 lbm sec. The helium expansion computer program was

used to simulate the cascade container expansion process.

Nine-Day Design Mission - The initial conditions, helium
outflow rates, minimum pressure, and cascade helium enter-
ing temperature that were used in the two previous analyses
were also used in this analysis. This analysis assumed that
the helium and wall temperatures reached a thermal equili-
brium during each coast period. The analysis also assumed
instantaneous mixing between the helium in the primary
sphere and the cascade helium entering the primary sphere.
The effective thermal conductivity used for the sphere in-

sulation was 1.12 x 10”4 Btu/hr-ft-°R. This value was deter-
mined from the heat leak calibration tests. The cascade

pressurization computer program was used to simulate the
nine-day mission.

The cascade container pretest analysis for the nine-day de-
sign mission was performed by using the helium expansion
computer program. This cascade container pretest analysis
assumed an adiabatic external wall and that the helium and
wall temperature reached a thermal equilibrium condition
during each coast period. The cascade helium outflow times
and mass outflow rates for this pretest analysis were es-
tablished in the primary container pretest analysis. The
initial conditions in the cascade container were the same as
the initial conditions in the two previous cascade con-
tainer pretest analysis,

Posttest Analysis - The posttest analysis consisted of
simulating the test runs that were conducted to demonstrate
the cascade pressurant storage and expansion concept. Post-
test analyses were conducted for six test runs, two test runs
for each of the three simulated mission duty cycles previ-
ously described. These posttest analyses were conducted by
first simulating the primary container expansion tests, and
then, after reviewing those results, simulating the cascade
using the results of the primary container posttest analysis.
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This method of analysis was also followed in the pretest
analysis. In the posttest analysis, however, the actual
test initial conditions, burn times, and insulation sur-
face temperatures were used,

The basic analytical assumptions made in these analyses

were identical to the assumptions made in the pretest analy-
ses and other previous analyses. These analyses assumed
that instantaneous mixing occurred between the cascade
helium entering and the helium in the primary container.

The posttest analyses did not consider helium stratifica-
tion in either container. The helium mass outflow rates
were assumed constant in both the primary and cascade con-
tainers. No tolerances were included in the pressure regu-
lator setting in the primary container. The heat transfer be-
tween helium and container wall was considered to be natural
free convection in both the primary and cascade containers.
The cascade container expansion process was assumed to be
adiabatic with respect to the container wall external sur-
face. The heat transferred through the primary container
insulation, supports and lines was assumed to be transferred
directly into the pressure vessel and helium. During the
simulated coast periods, the helium and container wall were
assumed to reach a thermal equilibrium condition in both
containers. The cascade helium flow rate entering the pri-
mary container was assumed to be constant.

The actual test initial conditions were obtained by es-
tablishing from the test data an initial helium pressure and
temperature and container wall temperature. The initial
helium temperature was taken from the thermistor tempera-
ture reading since the thermistor measurement was con-
sidered the more accurate of all the temperature measure-
ments. The initial container wall temperature was deter-
mined from thermocouple measurements.

The average value (as a function of time) of the four actual
outside insulation temperatures was used to calculate the
heat leak rates through the insulation. The maximum spread
in the four temperatures was typically less than 6°R, al-
though the spread did increase to about 40°R during the
ninth and tenth burns. The same average temperature was
used to calculate heat leak rates through the tank sup-
ports and lines since the structure temperatures were not
recorded, The insulation effective thermal conductivity

was 1.12 x 10-4 Btu/hr-ft-°R, which was determined for the

test system configuration during the heat leak calibration
tests.
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In simulating the primary container test runs, the most
critical test parameter was the helium mass outflow rate,
Slight variations in the helium mass flow rates made sig-
nificant variations in calculated parameters, particular-
ly in the cascade helium usage. For the nine-day and 90-
day test simulation runs, the actual flow rate history
was integrated, and the result divided by the outflow
time to obtain the average value. The cascade helium
flow rates used for the cascade container expansion sim-
ulation were established using the same method followed
in the pretest analysis.

The posttest analyses considered the temperature of the
cascade helium entering the primary container to be the
average of the maximum and minimum temperatures measured
in the cascade container during each test run. This con-
sideration was consistent with previous analytical eval-
uations. These analyses also considered the regulated
helium pressure to be the average of all the test helium
pressures obtained after the start of cascade helium flow.
The pressure undershoot due to the slow regulator response
was not included in the average regulated pressure value.

More detailed discussion of the posttest analyses for each
of the simulated duty cycles are discussed in the follow-
ing paragraphs. 1Included in the discussions are the ini-
tial conditions and other input parameters used to simu-
late each test run.

Nine-Day Mission Abort - Posttest analyses were conducted
for the primary container using the cascade pressurization
computer program to simulate the primary container expan-
sion process for the two test runs, Run 1 and Run 2. Run

1 had an initial primary helium pressure of 917 psia and

an initial helium and container wall temperatures of 34.6°R
and 53°R, respectively. The integrated helium mass flow
rate was calculated to be 0.12035 lbm/sec. The average

regulated pressure after start of cascade helium flow was
422 psia. The average cascade helium inlet temperature
was 498°R. The initial primary container conditions used
in the simulation of test Run 2 were 894 psia for helium
pressure and 34.4°R and 40.5°R for helium and wall temper-
atures, respectively. The integrated helium mass flow
rate for Run 2 was 0.11949 lbm/sec. The average regulated
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helium pressure after the start of cascade helium flow was
417 psia. The average cascade helium inlet temperature was
501°R. The outside insulation surface temperatures were
530°R and 519°R for Run 1 and Run 2, respectively.

After reviewing the results of the primary container post-
test analysis, the cascade container posttest analysis was
conducted using the helium expansion computer program.
From the results of the primary container posttest analy-
sis, the cascade helium usage and outflow time were estab-
lished for each test run. The cascade helium mass outflow
was calculated by dividing the helium usage by the total
outflow time. This same analytical technique was used in
the pretest analysis. These helium mass outflow rates
were 00,0150 and 0.0155 lbm/sec for Run 1 and Run 2, re-

spectively, The initial conditions in the cascade con-
tainer were 4448 psia helium pressure and 527°R helium
and wall temperatures for Run 1., Run 2 had initial con-
ditions of 4341 psia helium pressure and 527°R helium and
wall temperature.

90-Day Mission Abort - For the two 90-day mission abort
test runs conducted, primary container posttest analyses
were performed using the cascade pressurization computer
program with the program modifications previously dis-
cussed, Other assumptions particular to this type mission
that were discussed in the pretest analysis were also used
in the posttest analysis.

The initial conditions in the primary container were 907
psia helium pressure and 34.2°R helium and wall tempera-
ture for Run 1. The integrated helium mass flow rate for
Run 1 was 0.1198 1bm/sec, and the total burn time was 600

sec. The cascade helium entering temperature was 450°R
in Run 1, and the pressure regulator setting was 424 psia.

For the second 90-day mission abort test run, the initial
conditions were 895 psia helium pressure and 34.45°R he-
lium and wall temperature in the primary container. This
test run also had a 600-sec burn, and the integrated he-
lium mass outflow was 0,11814 lbm/sec. The cascade heli-

um entering temperature was 495°R, and the regulator set-
ting was 428 psia. A liquid hydrogen temperature of 35°R
was used in the simulation of both runs.
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After completion of the primary container posttest analy-
sis, the cascade container posttest analysis was initiated
to simulate the expansion process from the cascade con-
tainer into the primary container. From the results of
the primary container posttest analysis, the cascade he-
lium usage and outflow times were established. Cascade
helium flow rates were established for each burn during
which cascade helium was expelled. This was done in the
same manner as previously discussed. The cascade helium
usage and outflow times for these analyses are presented
and discussed under Evaluation and Comparison of Results.

The cascade container initial conditions for the first
test run were 4521 psia helium pressure and 515.5°R he-
lium and container wall temperature. The second test run
had cascade container initial conditions of 3541 psia he-
lium pressure, 510°R helium temperature, and 509°R wall
temperature,

Evaluation and Comparison of Results - Evaluation and com-
parison of the pretest and posttest analytical results with
the test results were conducted to determine the accuracy
of the analytical techniques and computer programs used in
Phase I. The calculated and test pressure and temperature
histories for both the primary and cascade helium were com-
pared. The same comparison was made for the container wall
temperature histories of both containers. Primary and cas-
cade helium residuals and cascade helium usage requirements
were also compared. The three simulated mission duty cy-
cles were evaluated and compared and are discussed in the
following paragraphs.

Nine-Day Mission Abort - The results of the primary con-
tainer pretest analysis are presented as helium pressure
and temperature histories and the temperature history of
the container wall. These pressure and temperature his-
tory curves are shown in Fig. 60a and 60b. The curves
show that cascade helium flow begins 153 sec after start
of primary helium flow. The helium and sphere wall tem-
perature histories were approximately identical until
about 300 sec after start of mission. At this time the
helium temperature began to increase at a faster rate up
to a final maximum temperature of 112°R. The final max-
imum sphere wall temperature was 96.5°R, The cascade he-
lium usage for this analysis was 6.68 lbm. The total he-

lium residual in the primary container was 12.9 lbm.
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After the primary container posttest analysis was com-
pleted the cascade container posttest analysis was per-
formed. Identical steps used in the previous pretest and
posttest analysis for determining cascade helium flow rates
were followed after establishing cascade helium usage and
total outflow times. The cascade helium outflow rates for
Run 1 and Run 2 were 0,01926 and 0.01789 1b sec, respec-
tively. m

The initial conditions in the cascade container for the
first run were 4361 psia helium pressure and 489°R helium
and wall temperature. The second run had an initial he-
lium pressure of 4319 psia and a helium and wall temper-
ature of 523°R.

Nine-Day Mission - The posttest analyses were conducted
after the completion of two test rumns that simulated the
nine-day mission duty cycle. These analyses were con-
ducted using the same method of analysis and the computer
programs that were used in the pretest analysis. The dif-
ference between the pretest and posttest analyses was that
actual test conditions were used as input parameters in
the posttest analysis, and, in the pretest analysis, the
anticipated values were used.

Primary container expansion posttest analysis was con-
ducted to simulate the two test runs. The same coast pe-
riods used in the pretest analysis were used. The burn
duration times and corresponding helium flow rates for
both test runs are shown in Table 20.

The initial conditions in the primary container for Run

1 were 885 psia helium pressure, 35°R helium temperature,
and 30°R container wall temperature. The cascade helium
entering temperature was 483°R, and the regulator setting
was 428 psia. 1Insulation outside surface temperatures
varied throughout the run from a minimum of 496 to 519°R.

For the second test run, the initial conditions in the
primary container were 896 psia helium pressure, 34.8°R
helium temperature, and 38.5°R wall temperature. A cas-
cade entering temperature of 497°R was used, and the pres-
sure regulator setting was 430 psia. The measured out-
side insulation surface temperatures varied from a minimum
of 498 to a maximum of 513°R.
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The results of the cascade container pretest analysis are
presented for the same temperature and pressure histories
that were presented in the primary container pretest anal-
ysis. The cascade sphere pressure and temperature history
curves are shown in Fig. 6la and 6lb. The curves show all
parameters are constant until the start of cascade flow at
T + 153 sec. At this time both the helium pressure and
temperature dropped to final values of 1260 psia and 465°R,
respectively. The wall temperature shows a more gradual
drop in temperature from its initial value to 509°R. This
wall temperature drop was gradual because of the large
cascade container mass of 1240 1bm. The helium residual

in the cascade container was approximately 3.8 lbm.

The results of the primary container tests and postest
analyses for Runs 1 and 2 are shown in helium pressure,
helium temperature, and container wall temperature his-
tory curves, Fig. 62a, 62b, 64a, and 64b. Table 21 shows
the test and analytical results of the cascade helium us-
age and residuals of the primary container in both test
runs.

The pressure history curves show that cascade helium flow
began at T + 159 sec for Run 1 and T + 157 sec for Run 2.
The calculated cascade flow start times were T + 151 sec
and T + 146 sec for Runs 1 and 2, respectively. The pres-
sure histories were similar with the exception of the pres-
sure undershoot seen in the test pressure history. This
pressure undershoot was due to the slow response time of
the test regulator and accounts for the large deviation

in the cascade flow start times. If the pressure under-
shoot had not occurred the cascade flow start times would
have been T + 148 sec and T + 142 sec for Runs 1 and 2,
respectively. Neglecting the pressure undershoot, the
maximum deviations between the test and calculated heli-
um pressure were approximately 3.5% and 2.5% for Runs 1
and 2, respectively.

The calculated and test helium temperature histories were
similar until about T + 200 sec in both runs. At this
point the deviations between the calculated and test he-
lium temperatures became significant. It should be pointed
out that each test helium temperature point was a corrected
average of nine out of the ten temperature measurements ob-
tained; one temperature was-comsistently 50 to 60°R higher

Iv-31
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than the nine other measurements. The corrected average
helium test temperature was calculated by calculating the
average of the nine good temperatures and then correcting
this average value by a temperature correction factor.
This temperature correction factor was obtained at the
initial conditions and was determined by correcting the
average value of the nine temperatures to the value of
the thermistor measurement., The correction factor was in
all cases 1 to 2°R., This temperature correction proce-
dure was used to determine the temperature histories for
all of the test results. Since the temperature measure-
ments were placed to represent equal radial volumes, the
corrected average temperature can also be considered to
represent equal volumes. This temperature averaging pro-
cedure does not always represent the true average temper-
ature of the helium mass in the container. The stratifi-
cation that resulted when the warm cascade helium began
flowing into the primary container was significant. The
helium temperature difference between the top and bottom
temperature measurements ranged between 50 to 350°R de-
pending on the amount of cascade helium in the container.
Because of the stratification that occurred, the helium
density varied considerably throughout the tank., The
mathematical model used in the analysis considered in-
stantaneous and perfect mixing of the warm incoming cas-
cade helium with the resident cold helium in the primary
tank, This supposition results in helium leaving the
primary tank at a higher temperature than it would if
stratification exists; therefore, the primary tank retains
less energy and exhibits lower helium temperatures than
it would with stratification. All six test runs reflect
the stratification effect of higher average primary tank
temperatures than those predicted by the continuous mix-
ing mathematical model.

The container wall temperature histories for the two test
runs showed only a slight decrease until T + 300 sec. At
this time the wall temperature increased in both tests.
The calculated wall temperature in both cases dropped to
approximately the calculated helium temperature. These
two temperatures remained approximately equal (the calcu-
lated wall temperature was about 0.2 to 0.4°R higher than
the helium temperature) until about T + 350 sec, at which
time the deviation between the two became noticeable. The
most apparent reason for the large deviation between the
calculated and tested container wall temperature in both
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runs was that the calculated heat transfer rate between
the wall and helium was larger than the actual wall-to-
helium heat transfer rate. This would account for the
almost immediate drop of the calculated wall temperature
to the calculated helium temperature.

Table 21 shows the test and calculated values for the cas-
cade helium usage and the primary helium residual for Runs
1 and 2. The cascade helium usage test values were ob-
tained by subtracting the initial calculated helium mass
from the final calculated mass. The calculated helium
usage was calculated by the analytical model. The cascade
helium usage was less than predicted by 15.5% in Run 1

and 24.5% in Run 2. These deviations were primarily due
to the analytical model not accounting for the helium
stratification that occurs during the test and the analyt-
ical model assuming the cascade entering temperature to

be constant. The first reason was probably the most sig-
nificant. The primary helium residual test values were
obtained by adding the test cascade helium usage value to
the difference between the primary helium loaded and the
primary helium expelled. The primary helium expelled was
determined by integrating the test flow rates over the
total outflow time.

The results of the cascade container tests and posttest
analyses are presented in Fig. 63a, 63b, 65a, and 65b.

The pressure histories were similar in both runs, and
showed that the calculated helium pressure was less than
the test value. The calculated helium pressure curves
indicated a more rapid drop in pressure than the test he-
lium pressure curves immediately after the start of heli-
ium outflow. However about halfway through the expansion,
the slope of the calculated pressure curve was about the
same as the test pressure curve in both test runs. The
deviations between the calculated and test final helium
pressure were -20 and -30% for Runs 1 and 2, respectively.
The deviations were primarily due to the calculated heli-
um expelled mass being greater than it was for the test
run and the helium mass flow rate being assumed constant
in the calculated case as compared to the variable mass
flow rate experienced during the tests.
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The test helium mass residuals calculated from the equa-
tion of state at the final test helium temperature and
pressure were 4.90 and 4.51 1bm for Runs 1 and 2, respec-

tively. The calculated residuals were 3.93 and 3.26 lbm

for Runs 1 and 2, respectively.

90-Day Mission Abort - The results of the primary container
pretest analysis for the 90-day mission abort are presented
as helium pressure and temperature histories. These re-
sults are shown in Fig. 66a and 66b. The helium pressure
and temperature decreased from the start of helium outflow
until the start of cascade flow (T + 165 sec). At this
time the pressure reached 400 psia and remained constant
for the duration of the outflow period. The helium tem-
perature dropped to a minimum of 27,2°R at the start of
cascade flow and then increased to a final maximum temper-
ature of 105°R. The inside wall temperature followed the
helium temperature closely and slightly higher until T +
300 sec. At this time the three temperatures were cqual
to the liquid hydrogen temperature of 35°R, which was held
constant during the entire mission. The inside wall tem-
perature then increased to a final maximum of 81.7°R. The
outside wall temperature had only a slight deviation from
the liquid hydrogen temperature. The greatest deviation
occurred at the final conditions where the outside wall
temperature reached 36.6°R. This final condition pro-
duced a temperature difference across the wall of 45.1°R.
The cascade helium usage for this analysis was 7.56 lbm,

and the total primary tank residual helium mass was 13.77
1b .
m

Figures 67a and 67b show the results of the cascade con-
tainer pretest analysis for the 90-day mission abort.
These results show that the helium temperature and pres-
sure drop from their initial values of 520°R and 4354 psia
to their final values of 453.5°R and 933 psia. The wall
temperature dropped only 12°R due to the large container
mass. The helium residual mass was 2.89 1b for this
analysis. m

The test results and posttest analysis results for the
primary container 90-day mission abort simulation Runs 1
and 2 are presented as pressure and temperature histories
in Fig. 68a, 68b, 68c, 70a, 70b, and 70c. The test heli-
um pressure and temperature histories were obtained using
the same methods that were described in the nine~day mis-
sion abort test results discussion. The test wall temper-
ature history was for the outside wall; the inside wall
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temperature of the container was not measured during these
tests. The helium pressure histories were similar to the
pressure histories discussed in the nine-day mission abort
results. The test pressure was less than the calculated
pressure up to the start of cascade helium flow. The test
helium pressure undershoot existed in both runs. The max-
imum pressure deviations between the calculated and test
values were 7.5 and 5.5% for Runs 1 and 2, respectively.
The helium temperature histories for both the test and
analytical cases were similar to the temperature histories
discussed in the nine-day mission abort results. The max-~-
imum helium temperatures, both test and calculated, at the
end of the 90-day abort mission were less than the maximum
temperature obtained at the end of the nine-day mission,
The result was anticipated, since, in the 90-day abort
mission, heat was transferred from the helium to the liqg-
uid hydrogen; whereas, in the nine-day mission, the pri-
mary tank cascade process was nearly adiabatic. The strat-
ification effect discussed on page IV-31 is again observed
in the comparison of actual and calculated primary tank
temperatures. However, prior to the start of cascade he-
lium flow, the calculated and test helium temperatures
compared very well in both runs. The maximum deviation
was approximately ~-1% for both Run 1 and Run 2. The com-
parison between the calculated and test outside wall tem-
perature was as favorable as the helium temperature com-
parison. The deviation between the calculated and test
outside wall temperatures was +1% or less for both test
runs. The temperature histories indicated that the out-
side wall temperatures were very nearly constant and ap-
proximately equal to the liquid hydrogen temperature
throughout both of the test runs.

Table 22 shows the cascade helium usage and the primary
helium residuals calculated for both the analytical and
test cases in Runs 1 and 2. The cascade helium usage re-
sults were obtained in the same manner discussed in the
nine-day mission abort results. The cascade helium usage
calculated was 20 and 15.6% higher than the test values
for Runs 1 and 2, respectively. The calculated helium
mass residuals in the primary container were also higher
than the test values by 11 and 8.7% for Runs 1 and 2, re-
spectively. The reasons for these deviations were the
same as discussed on Page IV-33 in the nine-day mission
abort results, The cascade helium usages for the 90-day
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mission abort runs were slightly higher than the values
given for the nine-day mission abort. These higher heli-
um usage values in the 90-day mission abort runs were due
to the heat transferred out of the helium.

The 90-day mission abort results of the cascade container
tests and posttest analyses for Runs 1 and 2 are also pre-
sented as pressure and temperature history curves, Fig.
69a, 69b, 7la, and 71b, These pressure and temperature
history curves showed results similar to those discussed
for the nine-day mission abort results. The calculated
helium pressure was again less than the test helium pres-
sure during both test runs., The profiles were approxi-
mately the same as were observed in the previous results.
The calculated final helium pressure was 33 and 30% be-
low the test helium pressures in Run 1 and Run 2, respec-
tively. The temperature histories for both the calculated
and test temperatures were similar in Runs 1 and 2. The
calculated helium temperatures initially were less than
the test temperatures until about T + 360 sec at which
time the calculated values became greater than the test
values. The maximum deviations were +2,5% in Run 1 and
-1.6% in Run 2, The test temperatures for the cascade
container wall in Run 2 were not plotted due to erroneous
temperature test data. Run 1 cascade wall temperature
histories were similar to previous results. The calculated
wall temperature was always less than the test wall tem-
perature. The maximum deviation occurred at the end of
the test run, and this value was approximately 1%. For
Run 1 the cascade helium residual mass was 3,84 lbm for

the final test conditions, and the calculated value was
2.55 lbm. The test helium residual mass was 3.39 1b ,
m

and the calculated value was 2.40 lbm for Run 2.

Nine-Day Mission -~ The results of the nine-day design mis-
sion primary container pretest analysis are presented as
temperature and pressure histories (Fig. 72a, 72b, 73a,
73b, 74a, and 74b) for the helium and sphere wall. Fig-
ures 72a and 72b show the primary sphere helium pressure
and temperature histories and the wall temperature history
over the entire mission time. The analysis predicted a
maximum helium pressure at the start of the fourth burn

to be 1207 psia. Helium pressure dropped from 400 to 365
psia at the start of the seventh coast and increased to
400 psia at the start of the eighth burn. The drop in
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pressure was due to the drop in helium temperature; which
was due to the helium and sphere wall reaching a thermal
eqilibrium condition during the seventh coast. At the end
of the seventh burn, the helium and wall temperatures were
117.8 and 100.7°R, respectively. The calculated equilib-
rium temperature for the helium and sphere wall was 109°R,
which produced an 8.8°R drop in helium temperature. Cas-
cade helium flow began during the fourth burn and occurred
during the fifth, seventh, and eighth burns. The maximum
helium temperature of 136°R occurred at the end of the
ninth coast. Figures 73a, 73b, 74a, and 74b show the pri-
mary helium pressure and temperature histories and the
wall temperature history for the fourth and seventh burns
-~ the two longest. The total cascade helium usage was
5.08 lbm, and the total cascade helium outflow was 279.6

sec. The primary container helium residual mass was 11.28
lbm for this analysis.

The results of the cascade container pretest analysis are
presented in Fig. 75a, 75b, 75c, 76a, 76b, 77a, and 77b.
Figures 75a, 75b, and 75c present the cascade helium pres-
sure and temperature histories and wall temperature history
for the total mission time, These curves show the minimum
helium pressure and temperature of 1900 psia and 455°R, re-
spectively, occurring at the end of the seventh burn. Also
shown is where the helium and sphere wall temperatures
reached a thermal equalibrium during each coast period.
Figures 76a, 76b, 77a, and 77b show the histories for the
same parameters discussed above for each burn when helium
outflow occurred., The helium residual mass in the cascade
container for this analysis was 5.37 lbm.

The results of the primary container expansion during the
two test runs that simulated the nominal nine-day mission
duty cycle and the results of the computer program test
simulation for the primary container expansion and same
mission are shown in Fig. 78a, 78b, 78c, 79a, 79b, 80a,
80b, 84a, 84b, 84c, 85a, 85b, 86a, and 86b, These fig-
ures present the pressure and temperature histories that
occurred during the tests and that were calculated by the
analytical model for test Runs 1 and 2. Figures 78a, 78b,
78c, 84a, 84b, and 84c present the helium pressure and
temperature histories and the container wall temperature
history for the complete test mission profiles of Run 1
and Run 2. Figures 79a, 79b, 80a, 80b, 85a, 85b, 86a,
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and 86b present the same pressure and temperature histor-
ies for the fourth and seventh burns. These burn periods
were of longer duration than any in the mission.

In general the helium pressure histories were similar
throughout the entire mission for both runs, The calcu-
lated pressures compared a little more favorably with the
test pressures in Run 2 than in Run 1. 1In both runs the
calculated pressures compared very well with the test pres-
sures during the preliminary coast period. After the first
coast period, the difference between the calculated and
test pressures began to increase with each coast period
until the end of the third coast where the calculated pres-
sure was higher than the test values for Runs 1 and 2, re-
spectively. During the fourth burn, the helium pressure
dropped to approximately 430 psia in both runs. Between
the end of the fourth burn and the end of the seventh

burn, the calculated and test helium pressure compared
satisfactorily. After the end of the seventh burn, the
calculated helium pressure decreased in both runs. This
calculated helium pressure drop was due to the helium
temperature increasing above the wall temperature during
the seventh burn and then decreasing when the thermal
equilibrium condition between the helium and wall was cal-
culated during the coast period., This pressure drop was
also calculated after the eighth and ninth burns. Prior
to the start of the eighth burn and through the end of

Run 1, the deviation between the calculated and test he-
lium pressure increased significantly. This increase was
due to the primary helium pressure dropping below 400 psia,
which initiated cascade helium flow into the primary con-
tainer prior to the start of primary helium flow. The
pressure in the primary sphere increased rapidly over 500
psia due to the slow shutdown response of the regulator.
The test procedure was revised prior to Run 2, to require
deactivating the regulation system after each burn. The
success of the revision was reflected in the good helium
pressure comparison that resulted in Run 2 during the
eighth, ninth, and tenth burns. 1In both Run 1 and Run 2,
the pressure histories compared slightly better during

the fourth burn than during the seventh. The pressure
undershoot was approximately 40 psi during the fourth burn
of Runs 1 and 2 as compared to a 50-psi undershoot during
the seventh.
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In general the temperature profiles, both calculated and
test, were similar in Runs 1 and 2. The comparison be-
tween the calculated and test helium temperatures was good
prior to the start of cascade helium flow. After the start
of cascade helium flow during the fourth burn, the strat-
ification effect drove the helium temperature up rapidly

-- as discussed on page IV-31, The test container wall
temperature histories were very inconsistent and irregu-
lar prior to the start of the fourth burn in both runs.

Table 23 shows the cascade helium usage and the primary
helium residuals that were calculated for both the analyt-
ical and test cases in Runs 1 and 2. The cascade helium
usage values were obtained in the same manner that was
discussed in the nine-day mission abort results. During
Run 1, cascade helium flow occurred during the fourth and
seventh burns, the seventh coast, the eighth burn, and the
eighth coast. 1In Run 2, cascade helium flow occurred dur-
ing the fourth and seventh burns and for about 5 min prior
to the start of the eighth burn (so that primary tank pres-
sure would be up to 400 psia). The analytical model pre-
dicted cascade helium flow during the fourth, fifth,
seventh, eighth, and ninth burns for Run 1 and Run 2. The
calculated helium usage was less than the test helium us-
age during Runs 1 and 2. In Run 1, this deviation between
the calculated and test usage values was significant; this
was due to the slow response of the test regulator during
the cascade flow that occurred during the eighth burn.
Instead of terminating the cascade flow when the primary
tank pressure exceeded 400 psia, the regulator remained
open until the primary tank pressure reached about 505 psia
(Fig. 78a) . This caused the final primary tank pressure
to be about 495 psia, rather than the predicted 428 psia.
In Run 2, the calculated cascade helium usage was only
0.105 1bm less than the test value; a similar end pressure

discrepancy was noted (Fig. 84c), but was of a much small-
er magnitude. When the effects of the primary tank pres-
sure deviations were considered in the analysis, a much
better data correlation resulted. The primary container
helium residuals were obtained using the same methods used
in the nine-day mission abort results. The calculated pri-
mary helium residual masses were originally less than the
test values in both Run 1 and Run 2. However, after con-
sidering the pressure overshoot problem, the calculated
residuals were much closer to the test values. It is
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noted that more cascade helium was used in Run 1 than in
Run 2. This resulted from a larger total mass of helium
being extracted from the primary tank during Run 1 (72.48
1bm) than was extracted during Run 2 (70.10 lbm), due to

a slight shift in flow rate from one run to the next.

The test results and analytical results for the cascade
container expansion during the nine-day mission simula-
tion are presented in Fig. 8la, 81b, 8lc, 82a, 82b, 83a,
83b, 87a, 87b, 87c, 88a, 88b, 8%a, and 89b. The test and
calculated helium pressure and temperature histories and
container wall temperature history are presented for the
complete test mission profile in Fig. 8la, 8lb, and 8lc
for Run 1 and in Fig. 87a, 87b, and 87c for Run 2. Fig-
ures 82a, 82b, 83a, 83b, 88a, 88b, 89a, and 89b present
the same pressure and temperature histories for the fourth
and seventh burns.

Cascade tank pressure and temperature remained constant
until outflow began during the fourth burn. After the
fourth burn, the calculated cascade helium pressure and
temperature and cascade container wall temperature were
in good agreement with the test results during the time
between the end of the fifth burn and the end of the
seventh burn for both Run 1 and Run 2. The deviations
between the calculated and test helium pressure were much
greater between the end of the seventh burn and the end
of the mission. The helium and wall temperature devia-
tions were not as large as the pressure deviation during
this time period, In Run 1, the calculated cascade heli-
um residual mass was 3.63 lbm, and the test value was

2.065 1bm. This was due to the fact that the actual pri-

mary tank end pressure was 495 psia, rather than the pre-
dicted value of 428 psia. Cause of the higher final pres-
sure was slow response of the cascade regulation device.
In Run 2, the difference between the calculated and test
cascade helium residuals was less than in Run 1; the test
value was 3.29 lbm, and the calculated value was 3.33 1bm.
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B. CASCADE PRESSURIZATION SYSTEM PRIMARY TANK SUPPORT STRUCTURE
AND TUBING HEAT LEAK INVESTIGATION

1. Test System

The support structure and tubing heat leak test fixture is de-
picted schematically in Fig. 90 and 91 and pictorially in Fig. 92.

Details of the support structure and tubing test model are
shown in Fig. 93 thru 97. The test model consisted of three Type
304 stainless steel support tubes 30 in. long, with an outside di-
ameter of 0.750 in. and a wall thickness of 0.035 in. The anchor
ends of the support tubes were flattened and bent as shown in Fig.
95. The other end of the support tubes was provided with a Type
304 stainless steel clevis bolted to the support bracket as shown
in Fig. 94. The support bracket was assembled to the simulated
primary storage container hub and liquid hydrogen heat sink tank
in the manner shown in Fig. 98. Two dummy gas tubes to simulate
the cascade helium inlet and hydrogen vent lines (Type 304 stain-
less steel, 0.500 in. outside diameter, 0.035 in. wall thickness)
were connected to the simulated primary container hub as shown in
Fig. 93 and 98. The tubes were routed to ambient temperature an-
chor points as shown in Fig, 95, in a manner to provide the de-
sired developed tube lengths of 51 and 56 in.

The liquid hydrogen heat sink tank had a capacity of 1 1b of
liquid hydrogen, and it was fitted with a fill tube (Type 304
stainless steel, 0.500 in. outside diameter) and a vent tube (Type
304 stainless steel, 1 in. outside diameter). The fill and vent
tubes were conducted through the vacuum chamber bottom dome. The
liquid hydrogen tank was equipped with a two-thermistor probe.

The thermistors were located approximately 1 1/2 in. from the bot-
tom of the liquid hydrogen tank and 1 1/2 in. from the top of the
tank. The lower thermistor was used to record liquid hydrogen
temperature, and the upper thermistor was connected to the liquid
level indicator on the operator's console. The entire support
structure, dummy gas tubes, and liquid hydrogen tank were insu-
lated with 100 layers of NRC-2 superinsulation, with a packing
density of approximately 250 layers per in. The liquid hydrogen
tank fill and vent tubes were wrapped with 2 layers of NRC-2 su-
perinsulation., The insulated test model is shown in Fig. 97. The
model was instrumented for acquisition of the functions listed in
Table 24 and shown in Fig. 100.
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The support heat leak test model was installed in a vacuum
chamber that was situated in a water bath (Fig. 91 and 92). A
water circulating pump was provided to circulate water from the
tank up to the water cascade distribution ring at the top of the
vacuum tank, to provide a uniform chamber wall temperature, The
water bath was maintained at 50 to 55°F by a small constant sup-
ply flow of 80°F water from the facility supply.

The 1/2-in. liquid hydrogen supply line to the test model liq-
uid hydrogen tank was connected to a 1000-liter mobile liquid hy-
drogen dewar through a 3/4-in. vacuum-insulated flexible metal
hose and approximately 8 ft of 3/4-in. stainless steel tubing in-
sulated with 1 in. of fiberglas insulation (helium purged). The
dewar supply hose was equipped with a shutoff hand valve and a
helium purge tee.

The 1-in, H, vent line from the liquid hydrogen tank was routed

2
to the gas flowmeter through an ambient-temperature water bath,
and also directly to the H2 vent system through a remotely oper-

ated vent valve. This system was the same system used for the pri-
mary storage container heat leakage rate test.

2. Test Procedure

The support structure heat leak test run was performed with
the structure installed in the vacuum chamber as described in Sub-

. -5
section 1. The vacuum chamber was evacuated to a pressure of 10

mm Hg and maintained at that pressure for approximately 8 hr to
permit the insulation to out-gas before the main vacuum pump valve
was closed. The vacuum chamber walls were maintained at 515 to
520°R by circulating water over the chamber into the bath tank.

After purging the liquid hydrogen heat sink tank and connected
supply and vent system with helium gas, liquid hydrogen was intro-
duced into the heat sink tank. The tank was topped periodically
until stabilized conditions were attained, as evidenced by the
structure temperature histories. The structure was allowed to
stabilize for approximately 24 hr. The heat sink tank was refilled
before starting the measurement run.

The measurement run was begun by closing the H2 vent valve and

opening the gas meter inlet valve to route the evolving hydrogen
gas through the meter. As additional insurance against bypass
leakage through the vent system relief system, the vent system
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isolation hand valve was closed. Recordings of all the instrumen-
tation functions listed in Table 24 were taken at 30-min intervals
until a marked reduction in gas evolution rate indicated exhaus-
tion of the liquid hydrogen. This point occurred approximately

25 hr after the measurement period was begun. The heat leakage
rate into the heat sink tank was determined by using the mass flow
rate of the evolving H2 gas (calculated from the meter volumetric

rate and the gas pressure and temperature at the meter), and the
liquid hydrogen latent heat of vaporization.

Following the test run, the vacuum chamber was opened and the
structure supports and dummy tubes were removed, leaving only the
liquid hydrogen heat sink tank, supported by its fill and vent
tubes as shown in Fig. 100. The superinsulation was carefully re-
folded over the base (simulated container boss and mount bracket)
of the heat sink tank.

The vacuum chamber was reclosed and evacuated to between lO"5

and 10_4 mm Hg pressure, and the water cascade system set to main-
tain the chamber walls at 510 to 520°R, thus duplicating the pre-
vious test run environment. A tare run was then conducted, using
the same procedure as the test run to determine the heat leak con-
tribution of the test fixture. The measurement period (time to
liquid hydrogen exhaustion) was approximately 49 hr,

To obtain the net heat leakage rate attributable to the sup-
port structure and tubing only, the data sampling times were gen-
eralized on a percentage-of-run-time basis. This technique al-
lowed comparison of data at points in the two runs where the liq-
uid hydrogen liquid level was approximately identical,

3. Analysis and Evaluation of Results

The analyses conducted during the demonstration of the total
heat transfer through the pressurant storage tank support struc-
ture were divided into pretest and posttest analyses. The purpose
for these analyses was to evaluate and verify the analytical tech-
niques used in Phase I for calculating heat transfer through pres-
surant storage support structure at liquid hydrogen temperatures.
The analytical techniques were evaluated and verified by comparing
the analytical results with the results of the tests that evalu-
ated the heat transfer through the upper lines and supporting
structure. A complete description of the test system and test pro-
cedures for evaluating the support structure heat leak was pre-
sented in the two previous subsections of this report. A descrip-
tion of the method of analyses for the pretest and posttest analy-
ses is presented in the following paragraphs followed by an eval-
uation and comparison of the results.
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Pretest Analysis - The pretest analysis was conducted to
predict the heating rates for the test model system. This
test model system represented a full-scale model of the
upper tripod support structure and connecting tubing for
the Phase I-designed SPS primary helium storage tank.
Using anticipated environmental conditions, the pretest
analysis calculated the heat leak through:

1) Design system tank supports, helium inlet line, and
liquid hydrogen vent line;

2) Test system liquid hydrogen fill and vent lines;
3) Test system liquid hydrogen container insulation.

The anticipated environmental conditions for the pretest
analysis were an ambient temperature of 530°R and an am-
bient pressure of 12 psia. At this ambient pressure, the
saturation temperature of liquid hydrogen is approximately
35°R. The anticipated temperature difference between am-
bient conditions and the liquid hydrogen container was
495°R.

The heat leaks through the design system tank supports,
helium inlet line, and liquid hydrogen vent line were cal-
culated using the following expression:

° Ak AT
q Z ’
where
q = heat leak rate through each support or line
(Btu/hr);
A = cross sectional area of each support or line
(sq ft);
k = thermal conductivity of support or line material
(Btu/hr -ft-°R);
AT = temperature difference (495°R);

£ = total length of each support or line (ft).
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This analysis assumed a constant thermal conductivity for
each support and line at the mean temperature between the
cold and warm ends. The analysis did not consider heat
transfer through the supports and lines in a radial direc-
tion, i.e., heat transfer through support and line insula-
tion,

The heat transfer rate through the test system liquid hy-
drogen fill and vent lines was calculated using the same
expression and assumptions that were used to calculate
heat leaks through the design system supports and lines,

The liquid hydrogen container was insulated with 1 in. of
NRC-2 superinsulation. Heat transfer rates through the
insulation located on the side, top, and bottom of the
cylindrical container were calculated. The heat transfer
rate through insulation located on the container side was
calculated using the following equation:

. 27 kazAT

q =
I Zn (rI //rI.)
o i

b

where
éI = heat transfer rate through insulation on con-
tainer side (Btu/hr);

AT = temperature difference (495°R);

r, = insulation outside radius (ft);
o

ry = insulation inside radius (ft);
i

k = apparent insulation thermal conductivity
a (Btu/hr-ft-°R);

Y/ = length of liquid hydrogen container (ft).

The total heat transfer rate through both the top and bot-
tom of the container was calculated using the following
equation:
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2 r ka T
° o
9, = s
t
I I
where
q; = total heat transfer rate through both top and
bottom (Btu/hr);
2 = number accounting for consideration of the top
and bottom;
r, = outside radius of the LH2 container (ft);
o
ka = apparent insulation thermal conductivity (Btu/
hr-£ft-°R);
tI = insulation thickness (ft);

The apparent insulation thermal conductivity used in this

analysis was 1.12 x 10-4 Btu/hr-ft-°R. This value was ob-
tained from the results of the heat leak calibration tests
described in Section A, Subsection 3.

Posttest Analysis - The posttest analysis was conducted
using the same method of analysis that was used in the
pretest analysis. However, instead of using the antici-
pated ambient conditions, this analysis used the average
temperature of the vacuum tank wall and the average liquid
hydrogen temperature for calculating the temperature dif-
ference, AT. The average temperatures of the vacuum tank
and liquid hydrogen were 515.0 and 35.5°R, respectively,
during the heat leak tests. Other than using a temperature
difference of 479.5°R, the posttest analysis was conducted
using the same values that were used in the pretest analysis.

Evaluation and Comparison of Results - The calculated heat
leak rate for the upper primary tank support structure in
the pretest and posttest analysis were 3.16 and 3.06 Btu/
hr, respectively. The difference between the two calcu-
lated values was directly proportional to the two differ-
ent values for temperature difference that were used.

The test results for the upper tank supports and tubing
heat leak evaluation tests are presented in Fig. 101. 1In
this figure, the indicated heat leaks were plotted as a
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function of percentage of elapsed time for test Run 1 and
for the test fixture tare run. In test Run 1, the liquid
hydrogen boiloff rate was measured for the complete test
system, and, in the tare run, the boiloff rate was meas-
ured for the test system without the design system upper
supports and tubing. The net indicated heat leak for the
design system supports and tubing represents the differ-
ence between the two measured flow rates. The indicated
heat leaks were plotted as a function of percentage of
elapsed time to compare the results at equal liquid vol-
umes. The measured liquid hydrogen boiloff rates de-
creased with time during each test because, as the volume
of liquid hydrogen decreased, the volume of hydrogen va-
por increased; therefore, more heat was transferred into
the vapor and less into the liquid. This decrease in boil-
off rate was not constant in either test until approximate-
ly 60% of the elapsed time, which indicates that an un-
stable condition existed prior to this time period. A
stable condition existed when the measured liquid hydro-
gen boiloff rates were due only to heat transferred into
the container. The primary reasons for the increased boil-
off rates during the unstable conditions were:

1) The residual boiloff in the liquid hydrogen fill line;

2) The boiloff due to the superheated liquid hydrogen
present in the container after liquid hydrogen flow
was discontinued.

After liquid hydrogen flow was stopped, the container pres-
sure dropped from the dewar pressure (32 psia) to ambient
pressure (12 psia). This pressure drop produced a corre-
sponding drop in the liquid saturation temperature of ap-
proximately 7°R and produced the superheated liquid condi-
tion. The dashed lines in Fig. 101 represent the extrap-
olation of stable conditions and produced net indicated
heat leak for the upper supports and tubing of 3.75 Btu/
hr at the start of the tests. At the 95% of elapsed time,
the net indicated heat leak value was 3.15 Btu/hr. The
maximum deviation between the calculated heat leak value
and the net indicated obtained from the test results was
-16.0 and -18.47% for the pretest and posttest analysis,
respectively, and this deviation occurred at the start of
the tests. At 95% of elapsed time, the deviations were
+0.32% for the pretest analysis and -3.0% for the posttest
analysis.,
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The total heat transfer into the primary pressurant stor-
age container, i.e., heat transferred through both the
upper and lower tank supports and tubing, was evaluated
by the following equation:

o . lu,
_ i
qTi ch o ’
Iy
c
where
qp = indicated total heat transfer through all the

i supports and lines (Btu/hr);

= calculated total heat transfer through all sup-
c ports and lines (Btu/hr);

= indicated heat transfer through the upper sup-
i  ports and lines (Btu/hr);

= calculated heat transfer through the upper sup-
c ports and lines (Btu/hr).

o

The value for qp Wwas 5.78 Btu/hr, and the value for Ay
c c

was 3.06 Btu/hr, which was calculated in the posttest

o

analysis. The values for qy range from 3.75 Btu/hr at
i

a run time equal to zero to 3.15 Btu/hr at 95% of elapsed

time. The evaluation for qp was also conducted for the
i o
same time periods, and this evaluation produced dr values
i
of 7.08 Btu/hr at time equal to zero and 5.95 Btu/hr at
95% of elapsed run time.
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C. APOLLO SERVICE PROPULSION SYSTEM CASCADE PRESSURIZAT ION
SYSTEM EXTENDED IN MISSION STUDIES

Extended mission studies were performed using the profiles
shown in Tables 2 and 3 for a 34-day lunar and a 90-day earth
polar orbit.

The pressurant usages for the two missions were determined by
using the minimum allowable propellant temperature of 500°R and a
pressurant inlet temperature of 475°R. The 34-day mission required
a full propellant load, while the 90-day mission propellant was
off loaded 70%. The helium pressurant usage for the 34-day and
90-day missions are 64.94 and 17.56 1bm, respectively.

In the study an effort was made to design a system that would
limit the increase in the present weight of the SPS design system.
The longer duration missions have no effect on the operating char-
acteristics of the cascade helium sphere, since it is stored at
ambient temperature.

The primary sphere, which is stored initially at 37°R, could
absorb too much heat and exceed the design working stress due to
the excessive rise in temperature and pressure,

Three basic approaches were pursued in the investigation of
extended mission capability:

1) Reduction of primary tank heating rate;
2) Reduction of the effects of primary tank heating;

3) 1Increase of the primary tank strength to accommodate
the increased heating and higher pressure,

Primary tank heating rate can be reduced by increasing the
number of NRC-2 insulation sheets and by decreasing the amount
of conductive heating. The latter method was approached by con-
sidering the use of titanium alloy 6Af-4V for the lines and sup-
ports connecting to the primary tank. Titanium 6AZ-4V was not
used in the basic Phase I system design due to the utnavailability
of tubing in the required sizes at that time. However, producers
of titanium mill products are continuing to develop methods of
forming 6A£-4V tubing, so it is considered that the proper sizes
may become available in the near future.
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Methods of reducing the effects of primary tank heating con-
sidered were off loading helium and launching with a full jacket
load of liquid hydrogen.

The only method considered for increasing the primary tank
strength was by increasing the wall thickness.

1. 34-Day Mission

Shown in Fig. 102 is the maximum heat leak that can be toler-
ated in the primary sphere for the 34-day mission with the pres-
ent SPS primary tank design. The heat leaks shown were the ini-
tial values, which were with a gas temperature of 37°R. These
values will decrease slightly with increasing gas temperatures.
The system with stainless steel lines and supports could tolerate
a larger initial heat leak since the heat leak was reduced more
with increasing temperatures than systems with titanium 6AZ-4V.

Since the heat leak into the system is somewhat uncertain due
to the variation in thermal performance that exists with multilay-
er insulation, the system capabilities were plotted as a function
of an insulation degradation factor as seen in Fig. 103 and 104.
The degradation factor is the ratio of actual expected heating
rate through the installed insulation to the ideal heating rate
as derived from published thermal performance data. A degrada-
tion factor of 5 is considered nominal. The tops of the lines in
Fig. 103 and 104 represent a measure of the maximum heating rates
allowable; the bottoms of the lines represent the minimum heating
rates allowable. If no liquid hydrogen is carried in the jacket,
the maximum heat leak allowable to make the mission is below the
nominal value considered, as seen in Fig. 103. Therefore, none
of these systems is capable of making the 34-day mission. Figure
104 shows that, with liquid hydrogen carried in the jacket, the
maximum allowable heat leak exceeds the nominal value for most
systems and provides various degrees of performance margin. The
minimum heat leak values for these systems were controlled by the
maximum possible cascade usage from the SPS design system. Fig-
ure 105 shows cascade usage as a function of the time at which
the liquid hydrogen is completely boiled off. 1If the liquid hy-
drogen is dumped before 600 hr, the maximum available cascade gas
is not exceeded. This allows any system shown in Fig. 104 to ade-
quately perform the mission even if the heat leak is at a minimum
(corresponding to the minimum attainable value of insulation ther-
mal conductivity). Since dumping the residual liquid hydrogen be-
fore 425 hr would reduce the maximum allowable heat leak, the jack-
et should be emptied between 425 and 600 hr.
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With liquid hydrogen carried in the jacket, the system for the
34-day mission would have a launch weight increase over the SPS
cascade design system as shown in Fig. 106. Of this value, 29.8
1b is liquid hydrogen that would be boiled off or dumped before
the eighth burn. The increase in hardware weight of this system
for the SPS design system is tabulated below.

Lines and Supports Weight Increase (lb )
Insulation Thickness m
(in.) 304 Stainless Ti 6A4-4V
2 0 -2.29
3 6.92 4.63
31/2 10.77 8.48

If liquid hydrogen cannot be carried in the jacket, the pri-
mary tank wall thickness will have to be increased. The system
weights for the 34-day mission with the increase in primary sphere
wall and off loading of helium are shown in Fig. 107. The systems
were designed to allow for a heat leak variation of ten times the
nominal value for the insulation, allowing for a reasonable mar-

gin. The hardware weight increase in SPS design system is shown
in Fig. 108.

2, 90-Day Mission

In the study of the 90-day mission it was found that it is
difficult to design a system that would not increase the SPS de-
sign system mass without an increase in primary tank storage tem-
perature. However, with an initial storage temperature of 140 °R,
the existing Phase I system design will easily make the 90-day
mission, Figure 109 shows the allowable range of insulation deg-
radation factor for performance of the 90-day mission. When load-
ing to an initial pressure of 1400 to 1600 psia, a very large in-
itial heat leak can be tolerated since the gas temperature can
rise to ambient after the first burn without exceeding the design
working stress of the primary tank. The material of the lines
and supports and the thickness of insulation will not affect the
ability of this design to accomplish the mission. The reduction
in total system weight for the 90-day mission is tabulated:
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I
Lines and Supports | Reduction in Weight (lb )
. m
Initial Pressure

(psia) 304 Stainless Ti 6AL-4V
1400 49,97 52.26
1600 47.40 49,69
1800 44,93 47,22
2000 42,59 44,88

These weight savings are due almost entirely to the reduced
helium loading required to accomplish this mission. If titanium

supports and lines are used, the weight saving is an additional
2.3 lbm.

3. Optimum System for Extended Missions

In the selection of the optimum cascade system for extended
mission use, the following observations are pertinent:

1) The 90-day mission can be accommodated by the present
system design; therefore, the optimum system is de-
termined by performance for the 34-day mission;

2) To ensure sufficient heating rate margin without
strengthening the primary pressure vessel, it is nec-
essary to launch with liquid hydrogen in the annular
jacket;

3) Optimum initial primary tank pressure is minimum al-
lowable to maintain required helium mass loaded (1400
psia).

It is noted that the minimum weight modification to permit the
required extended mission capability is to change support tubing
and lines to titanium alloy and launch with a full load of liquid
hydrogen (Fig. 106). This alternative is even more attractive
when the following facts are considered:

1) The weight penalty incurred by launching with liquid
hydrogen affects only the system for a 34-day mission;
no structural weight increases need be built into each
system, regardless of mission;
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2) Most of the weight penalty (the mass of liquid hydro-
gen loaded -- 30 lbm) will be eliminated during the

first 600 hr of the mission. Therefore, the mean ef-
fective weight penalty is less than half of that in-
dicated in Fig, 106.

The required size of tubing in titanium 6AZ-4V is not yet avail-
able. Furthermore, it is noted from Fig. 104 that a high degree
of heat leak margin can be had when stainless steel support and
lines are used. Also, the difference in weight between stainless
steel and the titanium alloy is less than 2.5 1bm. It is, there-

fore, recommended that the stainless steel supports and lines be
retained in the design for extended missions.

Considering Fig. 104, it is observed that 3 in. of insulation
(at an initial pressure of 1400 psia and for stainless steel sup-
ports and lines) provides a comfortable margin in insulation deg-
radation factor on both sides of the nominal value expected. It
is now determined that the only modifications necessary to the
presently designed system to accommodate the extended missions
are:

1) Increase the insulation thickness from 2 to 3 in.;

2) Provide for continuous venting of hydrogen vapor in
proportion to the boiloff rate (34-day mission only).
This modification will add about 7.0 lbm of hardware weight

to the designed system -- 4.0 lbm insulation and 3.0 lbm for hy-
drogen vent system.



Martin-CR-66-44

V. ADVANCED LIGHTWEIGHT PRESSURIZATION SYSTEM DESIGN SUMMARY

The purpose of this chapter is to present some of the more de-
tailed design aspects of the cryogenic helium cascade pressuriza-
tion system selected for the Apollo SPS. Also discussed herein
are certain design modifications that have been included since
the completion of Phase I,

The finalized primary tank design concept is shown in Figure
110. It is noted that the NRC-2 superinsulation has been re-
placed by two discrete radiation shields, enclosed within a rigid
vacuum jacket that contains the entire assembly. The discrete
shield design, which has been under considerable development by
the Pioneer Central Division of Bendix Corporation, offers several

distinct advantages over the use of multilayer foil types of super-
insulation.

1) Fabrication Simplicity - The rigid radiation shields are
much easier to fabricate and assemble satisfactorily than
a multilayer foil insulation system;

2) Repeatability of Performance - Much more stringent control
of surface finishes and thermal radiation characteristics
can be maintained with a rigid radiation shield than with
multilayer foil. Also, since only two shields are required
rather than approximately 150, the attainment and mainte-
nance of optimum vacuum conditions is greatly improved.
This results in much better performance repeatability from
unit to unit and as a function of time;

3) Ground Hold Capability - The discrete shield design includes
a rigid vacuum jacket surrounding the shields. Therefore,
the prelaunch (ground environment) heat leak is essentially
the same as the space environment value. Subsequent to the
completion of Phase I, it was found that the calculations
to coolant requirements for a 10-hr ground hold capability
at 37°R were in error. In reality, the Phase I design has
capability for only a 1-hr ground hold without replenishing
the coolant (liquid hydrogen). This problem, which was
caused by the increased heating rate resulting from the re-

quired helium purge of the exposed NRC-2 while on the ground,

is eliminated with the discrete shield vacuum jacket design.
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The liquid hydrogen jacket (commercially pure titanium) is
dimpled at several locations, and spot-welded to the pressure
vessel. The resulting annular space for the containment of liq-
uid hydrogen is approximately 1 in. The contained volume of the
annulus is approximately 1.6 cu ft.

The pressure vessel/hydrogen jacket assembly is suspended
within the vacuum jacket by means of six radial bumpers (only
two are shown). The bumper arrangement, developed by Bendix
Corporation, is designed for a minimum conductive heat leak in-
to the cryogenically stored helium. Also, the bumpers provide
structural suspension for the internal helium and hydrogen lines.
The two radiation shields are suspended between the liquid hydro-
gen jacket and the vacuum jacket by means of attachments to the
inner lines. Two brackets, which support the entire assembly at
the locations of the six radial bumpers, provide bosses for at-
tachment to the SPS structure. The vacuum jacket and internal
lines, as well as the liquid hydrogen jacket, are constructed of
commercially pure titanium. This eliminates the necessity and
unreliability of joining titanium with a dissimilar base metal.

Although only two radiation shields are required for the heat
leak rate acceptable for the nominal nine-day design mission, the
addition of more shields and/or vapor cooling provides readily
attainable capability for greatly reducing the heat leak to ac-
ceptable levels required for some of the extended missions. For
instance, by vapor cooling the two shields now in the system, the
system would have operational capability for the two extended
missions reported in Chapter 1V, Section C.

The nominal heat leak for the primary tank as shown in Figure
110 is about 15 Btu/hr. The system will perform satisfactorily
for a heat leak range of 3 to 30 Btu/hr,

Some of the more pertinent design parameters are defined in
Table 24. A complete weight statement is given in Table 25.
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VI. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE INVESTIGATION

A. CONCLUSIONS

A study of the data produced during the execution of this con-
tract reveals several important conditions. These are discussed
in this section.

1. Optimum Pressurization System

The cryogenic helium cascade system is the optimum propellant
tank pressurization system for the Apollo SPS.

2. Weight Saving

Use of the cryogenic helium cascade system in place of the
present ambient stored helium system will reduce the Apollo SPS
weight by 515 lbm.

3. Pressurant Loading

The use of a liquid hydrogen cooling jacket surrounding the
cascade system primary tank pressure vessel greatly facilitates
the helium loading operation. Three ma jor advantages of this
technique are apparent:

1) Loading time is minimum;

2) Initial conditions are reliably repeatable;

3) Required ground support equipment is minimized.

4. Cascade System Feasibility

Demonstration of the cascade system operating principles and
characteristics by test has established the feasibility of this
system concept.

5. Extended Mission Capability

Extended mission capability is readily attainable in the cas-
cade system. This is provided by slight modification of the ther-
mal protection system and does not require changes in basic system
configuration or sizing.

VI-1
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6. Propellant Feedline Heat Exchanger

Propellant feedline heat exchangers provide a lightweight, re-
liable means of heating the cryogenic helium to ambient tempera-
ture prior to entry into the propellant tanks. However, the single
tube coil Apollo SPS type of heat exchanger is not suited to use
with 37°R helium. A multiple-finned tube design, similar to the
LEM descent stage heat exchanger, is necessary to prevent local-
ized freezing of the propellant.

7. Cascade System Size and Weight Predictions

The mathematical model used to predict size, weight, and oper-
ating characteristics of the cascade storage system proved to be
very accurate in predicting system performance for the two 9-day,
10-burn mission test runs. Actual cascade helium usage was 0 and
6% greater than predicted for Runs 1 and 2, respectively. However,
the actual cascade helium usage for the four single-burn mission
abort runs was 15 to 25% less than calculated, The reason for the
conservative calculations was the high degree of temperature strat-
ification in the primary tank throughout the duration of the abort
runs -- the mathematical model considers that the primary tank
helium exists at a uniform, but variable, temperature at all times,
Some stratification did occur during early cascading in the two
9-day mission runs, but was almost completely damped out during
the subsequent coast periods, This validation of the mathematical
model by comparison with test data indicates that the size and
weight of the cascade system for the Apollo SPS and design mission
were properly evaluated,

One method of increasing the weight saving afforded by the
cascade system would be to lower the specified minimum helium sup-
ply pressure to a value close to the propellant tank operating pres-
sure, This change would result in a reduction in cascade helium
usage.

B. RECOMMENDATIONS FOR FUTURE INVESTIGATION

The results of this contract work illustrate the capability
of the cryogenic helium cascade system to perform the necessary
propellant tank pressurization function for the Apollo SPS.
Furthermore, it has been shown that the replacement of the pres-
ent ambient stored helium SPS pressurization system with this
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cascade system will result in a vehicle weight reduction of 515
1b .
m

It is recommended that the inherent advantages of the cascade
system be developed further in the form of a flightweight system
design, fabrication, and qualification program. The flightweight
system should be developed for the present lunar landing mission
and should include capabilities for performing the presently en-
visioned Apollo extended mission duty cycles. Reduction of basic
Apollo vehicle weight for the extended mission applications is ex-
tremely important due to the increased weight of life support, in-
strumentation, and various other additional equipment anticipated.

It is also suggested that the helium cascade pressurization
system concept be considered for other propulsion systems wherein
minimum weight is an essential criterion. Analytical studies of
cascade systems for the LEM ascent and descent stages indicate
substantial weight savings can be effected, as compared to am-
bient helium pressurization of those stages.

The cascade pressurization system operates at maximum effi-
ciency when the cascade helium flow is metered as required to
just maintain the minimum primary tank pressure. This neces-
sitates the use of helium regulation components between the cas-
cade and primary tanks. An alternative method of metering the
cascade flow is by replacing the regulation components with a
fixed area orifice. This arrangement would result in a nonoptimum
cascade flow profile, but would greatly reduce system complexity,
and increase reliability. It is recommended that an investigation
of this alternative method of cascade flow control be performed to
determine the pertinent weight and performance characteristics.
This investigation should include experimental verification of the
analytic predictions.

VI-3
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A. TABLES
TABIE 1

ADVARCED LIGHTWEIGHT PRESSURIZATION
SYSTEM DESIGN MISSION DATA

| TIME FROM

3 EVENT LIFT OFF DURATION
Launch 00.00 Hrs
Earth Orbit Injection .20
Translunar Orbit Injection 4,70
First Translunar Midcourse Correction 22.79 13.00 Sec
Second Translunar Midcourse Correction Lo.79 13.00
Third Translunar Midcourse Correction 58.79 13.00
Lunar Orbit Insertion 76.79 390.2
First Lunar Orbit Plane Change 80.88 20,20
Second Lunar Orbit Plane Change 127.38 10.20
Trans-earth Orbit Injection 133.38 121.0
First Trans-earth Midcourse Correction 160,92 3,20
Second Trans-earth Midcourse Correction 188.42 3,20
Third Trans-earth Midcourse Correction 215.92 3,20

Total 590.2 Sec

Prelaunch Hold Time - 10,0 hours

Mixture Ratio (Nominal) = 2,00

Propellant Tankage: Oxidizer Fuel
Total Volume (maximum) 321.0 £t 255.6 £t
Ullage (minimum) 12.2 £t 9.3 £t°
Operating Pressure 175 psia 175 psia

(nominal) ' .
Propellant Temperature Lo-80°F 4LO~80°F
(limits)

Propellant Tank
Temperature (maximum) 600°R 600°R
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TABLE 2
MISSION DUTY CYCLE FOR 34-DAY LUNAR POLAR ORBIT

Firing Duration Time from Launch

Function (sec) (hrs)
Launch - 0

Mid-Course Correction 1 17.1 12.5
Mid-Course Correction 2 5.6 Lh 7
Mid-Course Correction 3 5.6 67.9
Lunar Polar Orbit Injection 250.5 69.3
Guidance Correction 1.7 70.0
Guidance Correction 1.7 71.0
Guidance Correction 1.7 72.0
Guidance Correction 1.7 7%.0
Transearth Injection 1 156.0 745,0
Transearth Injection 2 113.0 746.0
Mid-Course Correction 1 5.5 763.8
Mid~Course Correction 2 1.8 811.0
Mid-Course Correction 3 1.8 836.1

TABLE 3

MISSION DUTY CYCLE FOR 90-DAY EARTH POLAR ORBIT

Firing Duration Time from Launch

Function (sec) {(hrs)
Launch - 0
Orbit Injection 140.0 1.1

Orbit Deboost 18.0 2162,0
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TABLE 5
CANDIDATE SYSTEM RANKING BASED UPON
PRELIMINARY ANALYSIS AND EVALUATION

System Merit Rating

8426
779k
.7h61
+6960
6879
6393
«5973
5583

)
oo~ O\ F W+ E‘
\'J-F'ONOO;F—'U'I
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Table 8
Potential Weight Reduction of the ALPS Candidate Systems

Candidate Helium Helium Potential
System Storage Storage Weight
Temperature Pressure Reduction
(°R) (psia) (1bm)
1 140,0 4000.0 341.0
5 140.0 4ooo.o 380.0
8 140,0 4000.0 398.0
1 37.0 2000.0 369.0
5 37.0 2000.0 535.0
8 37.0 2000.0 k26.0
Table 9
Results of System Reliability Studies
System |[Total Reliability Reliability Without
Lines and Fittings
1 +999862 +999990
5 +9997860 «999946
8 «999714 +999860
Apollo «999733 <999948

A-7
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Table 10
Estimated Flight Qualified Component Costs
(For System Comparison Only)

System 1
Dev. & Quali- Hardware Costs
Component No. of Each fication Costs Per Vehicle
Solenoid Valve 8 $117,500 $22,5400
Pressure Switch 2 Quads 100,000 7,200
Disconnect 5 - 2,500
Heat Exchanger 2 100,000 8,000
Filter 1 45,400 318
Jacketed Helium Tank 1 250,000 30,000
Relief Valve 3 200,000 22,500
Lines & Fittings - - 5,000
TOTAL . « & o & ¢« ¢« o « « $812,900 897,918
System 5
Dev. & Quali~ Hardware Costs
Component No. of Each fication Costs Per Vehicle
Solenoid Valve 12 $117,500 $33,600
Pressure Switch 3 Quads 100,000 10,800
Disconnect 6 - 3,000
Heat Exchanger 2 100,000 8,000
Filter 1 45,400 318
Jacketed Helium Tank 1 250,000 30,000
Helium Tank 1 132,000 12,000
Relief Valve 3 200,000 22,500
Lines & Fittings - - 5,000
TOTAL & o & o o o o o o o o «3944,900 $125,218
System 8
Dev., & Quali- Hardware Costs
Component No. of Bach fication Costs Per Vehicle
Solenoid Valve 12 $117,500 $33,600
Pressure Switch 3 Quads 100,000 10,800
Disconnect 6 - 3,000
Heat Exchanger 2 100,000 8,000
Filter 2 45,400 636
Jacketed Helium Tank 1 250,000 30,000
Positive Expulsion Tank 1 200,000 10,000
Gas Generator 1 400,000 20,000
Relief Valve b 200,000 30,000
Lines & Fittings - - 5,000

TOTAL ® 6 o o o+ e o o o o 81,412,900 31519036
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TABLE 16

Measured System Chill-Down Time

Test

Nine-Day Mission Abort, Run #1
Nine-Day Mission Abort, Run #2
Nine-Day Mission Abort, Run #1

Nine-Day Mission Abort, Run #2

TABLE 17
HELIUM LOADING RE

15,0
19.8
21,0

19.8

SULTS

A-15

mine.
min P
min

min.

- .
LOADING RUN oaiNG T DmHggg;TImngm
PRESSURE |TEMP, MASS

Pre~Test Analysis 3.95 hrs.| 838 Psia| 37.8°R 68.3 b

Post-Test Analysis 3413 hrs.| 1033 Psia| 35,5°R 81.0 lbm

Nine-Day Mission Abort, Run #1 |[6.10 hrs.| 1034 Psia| 35.7°R| 81,31 1b

Nine-Day Mission Abort, Run #2 L,67 hrs.| 992 Psia| 35.5°R 79.3 1b
Ninety-Day Mission Abort, Run #1 | 4.95 hrs.| 1026 Psia| 35.5°R 80.69 b,
Ninety-Day Mission Abort, Run #2 | 6.52 hrs.| 992 Psia| 35.4°R 79.5 lbm
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TABLE 18
LIQUID HYDROGEN CONSUMPTION

Cascade Feasibility Demonstration Tests

1H-> USED (lbm)
ACTUAL] ANALYTICAL|

TEST RUN REMARKS

Jacket maintained at flooded
Check Run No. 1 condition. Level indicator main- 480 351
tained '"'covered'" at all times.

9-Day Mission Abort
2un No. 1 Same as above. 560 374

9-Day Mission Abort

Run No. 2 Same as above, 530 351

90~-Day Mission Abort

Run No. 1 Same as above. 490 374

Jacket level maintained at
level indicator thermistor L70 351
(intermittent "covered" light)

90-Day Mission Abort
Run No, 2

’ : Loaded twice, due to solid
guﬁagoMliSlon nitrogen plug in fill line, Loo 351
¢ Jacket filled only to top

of primary sphere.

9-Day Mission Jacket filled only to

i 250 1
Run No, 2 top of primary sphere. 5 35
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TABLE 20

NINE-DAY MISSION POST-TEST ANALYSIS BURN DURATICN
AND HELIUM MASS FLOW RATES

TEST BURN BURN HELIUM MASS
RUN PERIOD DURATION FLOW RATE

1 First 13.5 sec 0.107 1bm/sec
Second 14.8 sec 0,106 1bm/sec
Third 14.5 0.109 lbm/sec
Fourth | 390.0 0.128 lbm/sec
Fifth 21.5 0,107 lbm/sec
Sixth 12.0 0.096 1lbm/sec
Seventh| 120.0 0.112 lbm/sec
Eighth 5.0 0.079 lbm/sec
Ninth 3,0 0.085 lbm/sec
Tenth b,7 0.088 1bm/sec T = %

2 | First 4.0 0.111 lom/sec
Second 11.7 0.09% 1bm/sec {»Té
Third 1, b 0.109 1bm/sec i
Fourth | 388.2 0.1228 1lbm/sec
Fifth 20,0 0.109 1bm/sec
Sixth 12.2 0,102 1bm/sec
Seventh| 119.7 0.115 lbm/sec
Eighth ko5 0.080 lbm/sec
Ninth 3.8 0.091 1lbm/sec
Tenth L4 0.079 lbm/sec
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TABLE 21
9 Day Mission Abort Helium Usage & Residuals
s CASCADE HELIUM USAGE | PRIMARY HELIUM RESIDUAL | MEASURED
TEST PRIMARY TANK
RUN TEST CALCULATED | TEST CALCULATED OUTFLOW
1 5.70 1lbm 6.59 1bm | 11.90 1bm 12.76 1bm 71.01 1bm
2 5.61 1bm 6.98 1bm | 10.31 1bm 11.68 1bm 71.70 1bm
TABLE 22
90 Day Mission Abort Helium Usage & Residuals
TEST | CASCADE HELIUM USAGE | PRIMARY HELIUM RESIDUAL MEASURED
PRIMARY TANK
Run TEST CALCULATED | TEST CALCULATED OUTFLOW
1 7.09 1bm 8.47 1bm | 12.46 1bm 13.84 1bm 72.00 1bm
2 6.86 1bm 7.93 1bm 12.33 1bm 13.42 1bm 70.89 1bm
TABLE 23
9-Day Mission Helium Usage and Residuals
CASCADE HELIUM USAGE | PRIMARY HELIUM RESIDUAL MEASURED
TEST T PRIMARY TANK
RUN TEST CALCULATED | TEST CALCULATED OUTFLOW
1 8.908 1bm| 7.379 1bm | 11.43 1bm 9,90 1bm 72 .48 1bm
8.90% 1bm 11.42% 1bm
2 5.668 1bm| 5.563 1bm | 11.45 1bm | 11,34 1bm 70,10 1bm
6.00% 1bm 11,78% 1bm

*After correction for final primary tank pressure,
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TABLE 25

System Design Parameters

Primary Storage Container

Pressure Vessel Internal Volume
Pressure Vessel Internal Diameter
Initial Helium Temperature
Initial Helium Pressure

Minimum Design Pressure

Pressure Vessel Material

Pressure Vessel Working Stress
Allowable Heat Leak

Required Usable Helium Mass

Cascade Storage Container

Internal Volume
Internal Diameter
Helium Temperature
Initial Helium Pressure
Minimum Design Pressure
Material

Working Stress
Required Usable Helium Mass

6.8 £t
28.3 in.
37+0 °R
2000 Psia
LOO Psia
Titanium 6AI-4V,
ELI Grade
78,800
Btu
3 to 30 T
68.3 1bm

2.75 £t2
21.0 in,
530 °R
4000 Psia
450 Psia
Titanium 6AL-L4V,
Heat Treated
110,000 Psia
5.5 1bm

A-21
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TABLE 26
System VWeight Statement

Item Weight (1lbm)

Primary Tank Ascsembly

Pressure Vessel 71e7
1, Jacket 9¢5
Vacuum Jacket 16,2
Internal Suspension and Tubing 4,0
Radiation Shielding 8.0
Primary Tank Assembly Sub-Total 1C09.4
Cascade Tank Assembly 50.1
Heat Exchangers 34,0
Valves, Fittings, Supports, & Miscellaneous 93.2
Primary Tank Helium 71.7

Cascade Tank Helium 6e7

Total Pressurization System Weight 365.1 lbm
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FIGURE 8

ALPS PRESSURANT USAGE STUDY
Fuel Tank - Hydrogen Gas
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FIGURE 9

ALPS PRESSURANT USAGE STUDY

Fuel Tank = Helium Gas
Adiabatic Tank Wall

No Venting
Tank Pressure = 175 Psia
Tank Volume = 255.6 ft3 -
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110 FIGURE 10
AIPS PRESSURANT USAGE STUDY
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FIGURE 12
SYSTrM WEIGHTS

FOR SYSi'mM 1
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FIGURE 13
SYSTM WEIGHTS FOR
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FIGURE 14
SYSTEM WEIGHTS

FOR SYST'M 2
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INITIAL STORAGK PRESSURE (P3I4)

A-37
FIGURE 15
SYSTEM WEIGHTS FOR SYSTEM 4
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FIGURE 16
SYS1I'EM WEIGHTS FOR SYSIsM 5
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FIGURE 17
SYSTEM WEIGHTS
FOR SYSTEM 8
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FIGURE 19

SYSTEM WEIGHTS
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FIGURE 20
PRESSURANT USAGE FOR
SYSTEM 8, FUEL TANK
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Rocket Research Corporation

AND 10050-4 \ / Inlet J

0.60

= "

2,62 Dia_.. ————

5.00 Ref

4,40 Dia _gmd et

J \_(TT

N

| | Note: All dimensions in inches,

3/4 AN Flare Fitting Outlet

Figure 3la Reactor RB2-100 Envelope
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FIGURE 32

SYSTEM WEIGHT FOR SYSTEM 1
INSULATION THICKNESS = 2.0 INCHES
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FIGURE 33
SYSTEM WEIGHTS FOR SYSTEM 5
INSULATION THICKNESS = 2,0 INCHES

A-57
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FIGURE 34
SYSTEM WEIGHTS FOR SYSTEM 8
INSULATION THICKNESS = 2.0 INCHES
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FIGURE 36
LIMIT OPERATING PRESSURE VS TEMPERATURE
PRESSURANT SPHERE STRESSED FOR:
PRESSURE = P_
TEMPERATURE = 530°R
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Figure 38 - Sheet 2

Descrigtion

Jamesbury l-inch Ball Valve

Marotta 1/4-inch Solenoid Valve

Annin l-inch Domotor Valve, 1500#, LH2 Service

Mason-Neilan #2715 Controller

Jamesbury l-inch Ball Valve, Remote Operation

Republic 3/l4-inch Relief Valve

Fike 2-inch Burst Disc Holder

Apco Regulator Hand Loader

Marsh l-inch Hand Throttling Valve

NRC=2 Insulation

Stainless Steel Pipe, 6~inch Sch 10

Stainless Steel Weld-neck RTJ Flange, 150#

Nylon Netting

Annin 2-inch Cylinder Valve, 150#, LH2 Service

Hydra-Electric Pressure Switch, 500 pSia # 20 psi
Stainless Steel Hemisphere, 38" I.D., x .078" wall

Conax Thermister

Statham Differential Pressure Transducer

Rosemont 179A Precision Temperature Probe

Conax Copper-Constantan Thermocouple,
sheathed, open-end

Conax Copper-Constantan Thermocouple, made
from wire

Cox Gas Turbine Flowmeter, 6-60 ACFM

Statham Pressure Transducer

Cox Gas Turbine Flowmeter, 3-30 ACFM

Rockwell LPG Gas Test Meter

Pressure Gage

Vacuum Chamber

Annin 1/2-inch Cylinder Valve, 2500#

Dragon 1/2-inch Valve

Kinney KS-47 Vacuum Pump

NRC Cold Trap

NRC Diffusion Pump

CVC 6-inch Valve

CVC 3-inch Valve

Phillips Cold~Cathode Ionization Gage

Open Tank

Annin 2-inch Domotor Valve

Annin 2-inch Cylinder Valve

Annin l-inch Cylinder Valve

Movie Camera

Camera Light

Cascade Sphere

Cox Turbine Flowmeter, water
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FIGURE 39 PRIMARY TANK PRESSURE VESSEL
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FIGURE 40 PRIMARY TANK PRESSURE VESSEL WITH IH2 JACKET HEMISPHERE
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FIGURE 41 COMPLETED PRIMARY TANK ASSEMBLY
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“Tpii-1

Martin-CR-66-44

Tpii-2

b >+ Tpio-=2

PRIMARY STORAGE CONTAINER

TEMPERATURE INSTRUMENTATION LOCATICNS

Figure 42
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H

FIGURE 45 FEED LINE HEAT EXCHANGER PHOTOG
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FIGURE 46
 CASCADE FEASIBILITY DEMONSTRATION
HELIUM LOADING PRT-TEST ANALYSIS

LHZ BOIL-OFF vs LOADING RATE
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FIGURE 47
ICASCADE FEASIBILITY DEMONSTRATION

ELIUM LOADING PRE-TEST ANALYSIS
LOADING TIME VS LOADING RATE
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TIAURS 48
CASCADT FEASIBILITY D=MON3TRATION
HELIUM LOADING PRE-TZST ANALYSIS

Maximum Helium Temperature vs
Loading Rate

K-
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[2-]
Q
. 900
&
fan]
&
<t
e
&
5

800 /
5 7
=
=3
= 4
2
5 700
g /

Vi
600 /
/
500 _
0,00 0.05 0.10 0.15 0,20 0.25 0.30 0.35
HELIUM LOADING RATH, LBm/SEC
ALBANENE® Ta43s




Martin-CR-66-44

A-74

0S01

0001

056

VISd ‘H¥nSSa¥d WNITAH TVIIINI

006 0S8 008 0SL

00L

09

<9

79

99

\QQ\

-
A
o

A

"
A
e P
yd P
~

e
]

0L

ov

]

-
v
_
e
P
v

[44

8¢

mm\\\\w

—
1
e
\\

L~
e

A

WNT

CTINIVIAIWAL

THH TVIIINI

1e7”7]

JRANN

\

AR

L~
\\\\\Aamﬂmm\mm.HHV 2anssaxg juaTquy IdAuUa(

7L

4

1y aanieaadws] uoiieanies “HT

9L

s

9¢
"G¢

AL AN

8L

o€

\\
\

08

(4]

aasydg Liewrag a9yl 1oJ suoijTpuo) Burieisdg [eriTul

NOIIVYISNOWAQ XIITISISVAI AAVOSVD
6% 2an314

%8

89

WHT ‘SSVW aIAVOT WAITAH




Martin-CR-66-44

A-75
FIGURE 50
CASCADE FFASIBILITY DEMONSTRATION
HEAT EXCHANGER PERFORMANCE
PRE-TFEST ANALYSIS
Conditions: Pg = 175 psia
Tg; = 37 °R
T1; = 500 °»
w0579 1b /sec
ggD = 16.0 1b /sec
O. . 'I‘ube = 'aﬂ in
60 I.D. Tube = .402 in
Liquid Temperature Change = 1.87-2.07 °R
Liquid Pressure Change = 1.57 PST
d 7
.
&0
g /
s
)
4 Lo A /1
5
: /
[}
& /
s L |
°
m A/
20
10
0
14 16 18 20 22 24 26 28 30 32

HEAT EXCHANGER LENGTH, FT
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FIGURE 52°

CASCADT FRASIBILITY DsMONSTRATION
PRE-THST AJALYSIS
HEAT <XCUIANGER PIRFORMANCE

‘ . ]
18 CONDITIONS Tg = 37°R
| = 500°R
N 11
: ﬁg = ,0579
| lbm/sec
&1 = 16.0 lbm/
secC
16 Tg = 473.5 °R
Tlg = 408
- 19 5 ft
0.D. TuI?LE: 0.50 in
| I.D. Tube = 0.402 in
14
:
|
—
iy w
% [aN)
i ol 12
5. A
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8 N
| N
s R
| N
|
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INSTRUMENTATION
. / PASS - THROUGHS
~
/~ : -<¥\—‘ WATER CASCADE
/
——— TO — it 7
PUMPS It 7
X / DUMMY

VACUUM TANK

|~ GAS TuBE

(2 PLACES)
WATER _~— SUPPORT TUBE
“TANK ‘7 T (3 pPLACES)
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S
i I
—— — il
t
|
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l
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NOTE: NRC-2

SUPPORT HEAT LEAK TEST

INSULATION NOT SHOWN

ITEM

FIQURE 90
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Item
No,

15
27
30
35
36
37

41
b2
b3
s

b7
ks
b9
50
51

Martin-CR-66-44

Figure 91 Sheet 2

Description

Republic 3/W4-inch Relief Valve

Fike 2-inch Burst Disc Holder

Annin 2-inch Cylinder Valve 150# LH, Service
Conax Thermistors (2), Probe-Mounted

Conax Copper-Constantan Thermocouple

Liquid Hydrogen Container

Tubular Supports, Lines

Water Bath Tank

Rockwell LPG Gas Test Meter

Pressure Gage O - 30 Psig, 0.5 Psig graduations
Vacuum Chamber

Water Bath H2 Gas Heater

Dragon %-inch Hand Valve

Water Circulating Pump, 30 GPM Capacity
Jamesbury Jo-inch Ball Valve Manual Operator
Annin Y%-inch Hand Valve, 150#

Mobile L32 Dewar, 1000 Liter Capacity

Water Cascade Distribution Ring

Cold Cathode Ionization Vacuum Gage

o v e S I s o e, e
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FIGURE 92

Martin-CR-66-44
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PRIMARY TANK SUPPORT STRUCTURE HEAT LEAK TEST SETUP
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FIGURE 93 SUPPORT STRUCTURE TEST MODEL
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FIGURE 9% SUPPORT STRUCTURE ATTACHMENT BOSS
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FIGURE 95 SUPPORT STRUCTURE ANCHOR POINTS
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FIGURE 96 SUPPORT STRUCTURE INSULATION
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FIGURE 97 SUPPORT STRUCTURE MODEL READY FOR INSTALLATION
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LH, TANK ——
(TyPe 304 S.5)

MODEL PRIMARY
CONTAINEK HUE —p~
(6AL-4v TITANIUM)

MOoDEL SUPPORT
ERACKET -
(eAL-4V TITANIUM)

Lfigpgd LN
L LLZL 7

NN N N

DN

SN S AN SIS XX

AR A NANA B N

S

\

s}%\% 25~ FinisH

AN
207,

KPR

INSTALL AN S8!5-8C unio
(2 PLAcES)

0))

INSTALL HOLD- DOWN STUDS

MATING SURFACES

q

(3 PLaces)
FIQURE 98
TITLE. PRIMARY TANK SUPPORT STRUCTURE NUMBER
~ ASSEMBLY DETA‘LS SCALE : '/2"= /ll
MODEL: THE MARTIN COMPANY
DENVER PAGE CHG.

€-490 (9-89)
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PRIMARY SUPPORT MODEL %
HEAT LEAK RATE INVESTIGATION ‘

THERMOCOUPLE LOCATIONS
FIGURE 99

\.__~ CHAMBER WALL TEMPERATUELDS (3)

——,

. )
~ §6 LENGTH

LEGEND:! e

O,@D,® supPorT (ANCHOR) TEMPERATURES

®,® DUMmY TUBE TEMPERATURE ~ ANCHOR END [o/o sTATioN]
DUMMY TUBE TEMPERATURE ~ 22 /5] STATION
INSULATION OUTER SURFACE TEMP. ~ 22/5] STATION

SUPPORT TUBE TEMPERATURE ~ 13/30 STATION
INSULATION OUTER SURFACE TEMP. ~ 13/30 STATION

QOO ®

J.8.KEOQUEH
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FIGURE 100 SUPPORT HEAT LEAK T MODEL AFTER REMOVAL OF SUPPORTS AND DUMMY TUBES
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FIGURE 101

PRIMARY TANK SUPPORT STRUCT-
URE HETAT LzZAK TEST RESULTS
8'0 ¢ 1 1 T T .
TOTAL INDICATID HEAT LEAK FOR COMPLETE
TZST SYSTEM . ,
[~ .
2.0 ALCULATED (7.05 Btu/hr)
P
~— q
) )\ONq
6.0 \O\m
~O
a e
=3
S
B4
m 5.0
[}
w .
<t
[£3]
i |
= = )
NET_INDICATED HEAT LEAK FOR DESLGN SYSTEM
2 Z\ SUPPORTS AdD TUBING SEE 9 7
4,0 - - - T i
& /
8 \ 